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Abstract
The aim of this thesis is to improve SU-8 fracture resistance in order to
eliminate micro crack formation during fabrication of microelectromechan-
ical system (MEMS). An amphiphilic block copolymer incorporation, as
an efficient method of material toughening without changing its original
properties, is successfully applied. The novelty of the study consists in de-
sign and synthesis of the most optimal copolymer composition, which can
self-assemble in SU-8 resin.
In the first part of the thesis, solubility prediction with the Hansen Solubil-
ity Parameters method is described in details and poly(ethyl ethylene)-b-
poly(2-vinylpyridine) (PEE-b-P2VP) is found to be a suitable modifier for
SU-8. Synthesis of this copolymer is performed by living anionic polymer-
ization followed with a selective hydrogenation reaction in order to stabilise
the structure. All synthesised copolymers are characterized with various
analytical techniques.
The second part of the thesis describes modified SU-8 blends. Thermal sta-
bility, structural organization, components interaction, hardness and brit-
tleness of the composites are described.
Finally, lithographic properties of modified SU-8 blends have been tested.
Commercial SU-8 and the modified blends demonstrate identically pattern-
ability and high aspect ratio structures can be obtained regardless of PEE-
b-P2VP content.
In conclusion, a recommendation of SU-8 modification with as little as 5
wt.% of PEE30-b-P2VP69 is made in order to avoid micro crack formation
and its growth during MEMS production. Fabricated from this blend films
are easily patterned and have Young’s modulus similar to original SU-8.
Abstract
Form˚alet med denne afhandling er at forbedre SU-8’s brudsejhed for at
undg˚a dannelse af mikrorevner under fremstilling af mikroelektromekaniske
systemer (MEMS). En amfifil blokcopolymer er inkorporeret som en succes-
fuld metode til materialehærdning uden at ændre materialets oprindelige
egenskaber. Nyhedsværdein i denne undersøgelse best˚ar i designet og syn-
tesen af den mest optimale polymer, som kan selvorganisere i SU-8 resin.
I første del af afhandlingen beskrives opløselighedsforudsigelse med Hansen
Opløseligheds Parametre i detaljer og poly(ethylethylen)-b-poly(2-vinylpyridin)
(PEE-b-P2VP) viser sig at være egnet til modificering at SU-8. Syntesen
af denne polymer udføres ved levende anionisk polymerisation efterfulgt at
en selektiv hydrogenering for at stabilisere strukturen. Alle syntetiserede
polymerer er karakteriseret med forskellige analytiske teknikker.
Den anden del af afhandlingen beskriver modificerede SU-8 blandinger. Ter-
misk stabilitet, strukturel organisering, vekselvirkning mellem komponen-
ter, h˚ardhed og skørhed af kompositterne er beskrevet.
Endeligt, er de litograske egenskaber for modificerede SU-8 blandinger blevet
testet. Kommercielt SU-8 og de modificerede blandinger giver identiske mu-
ligheder for fabrikering og der kan opn˚as strukturer med store højde bredde
forhold, uanset PEE-b-P2VP indhold.
Afslutningsvis gives en anbefaling om SU-8 modificering kun fem vægtpro-
cent PEE30-b-P2VP69 for at undg˚a dannelse og udvikling at mikrorevner
under MEMS produktion. Film fremstillet af denne blanding mønstres let
og har Young’s modul p˚a linje med det oprindelige SU-8.
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1Introduction
1.1 Motivation
The recent development of microfabrication technology has produced a great number of
new microelectromechanical systems (MEMS) devices and components. Among many
microfabricated components, a thin membrane or diaphragm is one of the most appli-
cable structures used for the construction of various MEMS devises, including pressure
sensors4, actuators5, drug delivery containers6, and string resonators7. Regardless an
application, these membranes are very thin and small: hundred micrometers in thick-
ness and up to a few millimetres in dimensions. After membranes are subjected to
various static or dynamic conditions, the material fails often during the production
procedure or after several operation cycles. Mechanical fracture is the local separation
of an object or material into two or more pieces under the action of stress. MEMS frac-
ture can result from various causes: mechanical shock and overload, corrosion, stress
corrosion cracking, and material fatigue. Unfortunately, the mechanical properties of
utilizing materials are turned out to be highly dependent on manufacturing process.
Though various polymers can be used for MEMS fabrication, SU-8 has became par-
ticular popular. SU-8 is a negative epoxy photoresist and has been originally developed
by IBM-Watson Research Center8 and has few advantages among other epoxies. First,
high aspect ratio structures are possible to obtain by using SU-8. Structure thick-
ness from 1 to 500 µm are easy achievable with a single spin; multiple spins can yield
even thicker films. Second, compare with other thermosetting resins, no by-products
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or volatiles are formed during SU-8 curing reactions, therefore, probability of shrink-
age is low. SU-8 can be cured over a wide range of temperatures and the degree of
cross-linking can be controlled.
Properties of cured SU-8 epoxies are versatile, including excellent chemical and heat
resistance, high adhesive strength, low shrinkage, high strength and hardness, and high
electrical insulation. However, all cured epoxy systems possesses considerable brittle-
ness, poor resistance to crack propagation, low impact strength9 and poor fracture
toughness. Once a crack is initiated, it rapidly propagates through the device causing
failure. This inherent brittleness obstructs epoxy resins utilization in fields requiring
high impact and fracture strengths, such as reinforced plastics, matrix resins for com-
posites, and coatings. Therefore, modification of SU-8 mechanical properties without
sufficient changes in its main chemical and physical characteristics appears to be a
favourable procedure.
1.2 Process flow of the PhD-thesis
In the present manuscript an attempt to modify SU-8 epoxy resin with incorporation
of amphiphilic block copolymers has been made in order to diminish cracks appearance
in the material during MEMS devices fabrication.
Literature review in Chapter 2 presents an overview of existing modification ap-
proaches, which are based on a second phase incorporation. It is shown that the only
limited trails to modify SU-8 bulk material has been documented. For better under-
standing of the main original material, SU-8 ideal chemical structure, composition of
commercial solution and standard processing guideline are summarized. Significant in-
sights will be given to the fundamental understanding of polymer toughening, including
toughening mechanism study, matrix effect, etc. Therefore, it will become easier to un-
derstand the way in which fillers influence on mechanical properties of material. As the
most beneficial modification method, incorporation of an amphiphilic block copolymer
is chosen in this study.
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The negative epoxy-based photoresist SU-8 has been detail analysed and charac-
terized in Chapter 3. Knowledge of SU-8 composition is necessary in order to pre-
dict a modifier and monitor interactions among components during further process-
ing. The resist is analysed with various techniques such size exclusion chromatogra-
phy (SEC), matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF), thermal gravimetric analysis (TGA), and Fourier transform infrared
spectroscopy (FT-IR).
In order to became a toughener for SU-8, copolymers should comply with special
requests. The self-assembly driving force is its amphiphilic nature. A modifier has
to combine both matrix-philic and matrix-phobic parts, which should be incompatible
enough to form microstructures. To facilitate the search of a modifier and minimize
number of polymers for trials, a solubility prediction algorithm is proposed in Chapter
4. At the present, the most complete and detailed model which describes solubility and
compounds interaction is Hansen Solubility Parameters (HSPs). It enables to predict
how to dissolve a given polymer in a mixture of two solvents, neither of which can dis-
solve the polymer by itself. At last, PEE-b-P2VP copolymer is found to self-assemble
in SU-8.
A synthesis rout of the chosen PEE-b-P2VP copolymer is described in Chapter 5.
As a synthetic technique, living anionic polymerization (LAP) is chosen, that enables
to synthesize polymers of controlled architecture and narrow molecular weight distri-
bution (1 < Mw/Mn < 1.2). Overall, four amphiphilic copolymers are prepared. They
are ageing stable and exist in microstructures. Moreover, detail characterization of the
copolymers can be found in Chapter 5 as well.
In order to find the optimal copolymer load, various SU-8 blends are prepared and
presented in Chapter 6. As a preliminary method of blends selection, optical observa-
tion of baked specimens are carried out. That inspection enables to eliminates number
of copolymers for SU-8 toughening. The copolymers which escaped macroseparation
from SU-8, are investigated further. Thermal analysis of modified blends are provided
in order to characterize the materials thermal properties such as glass transition and
degradation temperatures. FT-IR spectroscopy is utilized to detect possible reactions
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among components and characterize level of cross-linking. Moreover, self-assembled
structures are observed with TEM investigation.
Chapter 7 compares mechanical properties between original and modified SU-8
resins. All samples under this study are characterized with nanoindentation test and
Vickers hardness. Furthermore, MEMS fabrication test is provided, describing litho-
graphic behaviour of the modified material.
Conclusions from the study are presented in Chapter 8.
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2Literature review: methods and
mechanisms of epoxy
modification
2.1 Attempts of SU-8 modification
Multiple studies and investigations were conducted regarding SU-8 surface modification.
Enhancing biofunctionability and cells attachment, optimizing pattering quality in UV
lithography and introducing anti-sticking properties captured researcher’s minds10–12.
First attempts to modify SU-8 bulk material were undertaken just few years ago.
Studies were mainly focused on selection of any type of materials compatible with SU-8
and testing their impact on process capability afterwords. Special attention is always
focused on maintaining desirable lithographic and thermal properties of SU-8 resin,
preserve electrical properties and low moisture absorption. A large number of mono-
and poly-epoxy functional materials and polyether polyols were suggested as modifiers.
D. Johnson and co-workers at MicroChem Corporation demonstrated that up to 20 %
of additives incorporated into SU-8 reduce feature cracking whilst lithograthic proper-
ties remain unchanged13. There were eight materials tested such as poly(bisphenol-A-
co-epichlorohydrin) diglycidate, poly(dicyclopentadiene/phenol) glycidate, trimethylol-
propane/polycaprolactone triol, bisphenol-A/polypropylene oxide diglycidate, bisphenol-
F diglycidate, nonylphenol glycidate, and polybrominated bisphenol-A diglycidate.
None of listed material led to highly flexible resist, however, stress, cracking, and adhe-
5
2. LITERATURE REVIEW: METHODS AND MECHANISMS OF
EPOXY MODIFICATION
sion were improved with few of them. The most noticeable effect at reducing thermal
stress belongs to trimethylolpropane/caprolactone triol with 10 wt% load. Surprisingly,
epoxy functionalized materials containing aromatic and/or aliphatic groups were not
effective. Moreover, epoxy silicones which were expected to have the best potential for
flexibilizing of SU-8, were not soluble in appropriate solvents.
Another type of modifier, carbon nanoparticles (NPs), were utilized for SU-8 com-
posites fabrication using ultrasonic mixing14–16. Under that investigation obtaining a
piezoresistive SU-8 was the main focus and the SU-8 based composite with gauge fac-
tors around 15−20 has been developed by entering into epoxy matrix highly structured
carbon black particles with an average diameter of 21 nm. It has been shown that re-
sistivity is a direct function of carbon filler content. For a specific NP, composites with
a lower NP content gives larger, but less stable gauge factors compared to composites
with a higher NP content.
Numerous modifiers were incorporated into bisphenol-A novolac type of resins to
which SU-8 belongs to. For example, epoxy-novolac resin was modified with N,N’-
bismaleimido-4, 4-diphenyl methane17. With increasing of the modifier concentration,
adhesive force, degradation temperature and thermal stability were enhanced, whereas
the shear strength decreased.
In a research group headed by K. Unnikrishnan hybrid polymer networks of digly-
cidyl ether of bisphenol-A (DGEBA) resin with epoxidized phenolic novolac resins
(EPN) containing phenol and formaldehyde in different stoichiometric ratios were pre-
pared by physical blending18. The modified epoxy resins were found to exhibit improved
mechanical and thermal properties compared to the neat resin. In that investigation
the blend of DGEBA with 10 wt% of EPN exhibits maximum improvement in strength,
elongation, and energy absorption while a load above 10 wt% lowers these parameters.
Interestingly, extent of modification depends on the molar ratio between phenol and
formaldehyde in the novolac.
Another example is bisphenol-A epoxy resin modified by dimethyldichlorosilane
(DMS)19. After modification with DMS, the materials exhibited improved impact
strength (20.2 kJ/m2), tensile strength (67.0 MPa), and elongation (11.3%) which all
were higher than those of the pure epoxy resin.
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Interesting composite was prepared by R. Li and contained carbon fiber reinforced
tetraglycidyl-4,40-diaminodiphenylmethane (TGDDM) epoxy composites20. The matrix-
dominated mechanical properties of composites were improved with 13 wt% loading of
phenol formaldehyde resin. Interlaminar shear strength and impact strength were im-
proved by 7.3 % and 38.6 %, respectively, compared with the composite without NR.
The results showed that both interfacial and impact properties of composites were
improved except for flexural property.
An attempt to use polyurethane prepolymer as a modifier via interpenetrating
network grafting has also been reported21. M. Ratna showed that carboxyl termi-
nated poly(2-ethylhexylacrylate) liquid rubber can be used as an impact modifier for
epoxy cured with an ambient temperature hardener22. However, carboxyl terminated
oligomers can only be synthesized by bulk polymerization, which is difficult to control.
Summing up, it can be concluded that there were multiple trails of bisphenol-A
epoxy resins modification. However, copolymers or amphiphilic molecules were not
tested yet for compatability with SU-8 though new ways to improve fracture toughness
while retaining thermomechanical properties have been sought for over decade. The
behaviour of thermoplastic modified systems is still being studied.
2.2 Composition and main steps in SU-8 processing for
MEMS fabrication
Nowadays SU-8 epoxy resin is most commonly used epoxy resin in the field of microme-
chanical systems (MEMS) that gained a wide use for bio/chemical detection, micro
assembly and microphotonic systems. Microdevices structured by ultraviolet exposure
of SU-8 photoresist possess excellent physical, mechanical, chemical, noncorrosive and
photo-plastic characters23,24. Moreover, it is one of the most biocompatible materials
known.
SU-8 is a negative-imaging epoxy-type near-UV photoresist based on multifunc-
tional highly branched polymeric epoxy resin, which has been dissolved in an organic
solvent, along with a photoacid generator.
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Gamma-butyrolactone (GBL) was used previously as a solvent until it was replaced
on cyclopentanone for SU-8 2000 series. That provides a better viscosity control of the
resist and enables to create films from 0.5 to 100 µm thickness13,25.
As it comes from the name, a single SU-8 resin molecule typically contains 8 epoxy
groups in a bisphenol-A novolac glycidyl ether as it is depicted on Figure 2.1. The
molecule on that picture is ”idealized” and in real SU-8 solution a wide variety of sizes
and shapes are existed.
Figure 2.1: Chemical structure of SU-8 with averadge eight epoxy groups
Figure 2.2: Photoimaging mechanism during UV exposure
A photoacid generator taken from the family of the triarylium-sulfonium salts is
dissolved within the epoxy resin in a few mass percent concentration. When a photon
is absorbed, a photochemical transformation with a strong acid generation is occurring.
8
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Figure 2.3: Schematic representation of the main steps involved in a promoted
fabrication from SU-8 epoxy resin. As a photoacid generator triarylsulfonium
hexafluoroantimonate salt is depicted. Red arrows show hydrogen catalytic
activity, blue arrows represent interactions among active groups and electron
density shifts
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That photoacid acts as a catalyst in the regions, exposed to UV-light during fabrication
and promotes a crosslinking reaction. A chemical structure of the photoacid generator
and a schematic representation of hydrogen atom generation are presented in Figure 2.2.
Schematically, SU-8 lithography processing is depicted in Figure 2.3 and consists
of three main steps. After SU-8 resin deposition, UV light exposure with 360 nm
wavelength is applied. Present in SU-8 triarylsulfonium salt photochemically generate
protons as a Lewis acid upon absorbing of light. It should be underlined that SU-8
is highly transparent in the ultraviolet region, allowing fabrication of relatively thick
structures with nearly vertical side walls26.
Once generated, acid molecule can catalyse thousands of epoxy ring-opening re-
actions that increase the sensitivity of the resist. The bake is necessary because the
reaction kinetic of the cross-linking mechanism is very slow at ambient temperature
since SU-8 is a glassy material. These catalysed cross-linking reactions take place dur-
ing after-exposure post-baking time and therefore, temperature and baking time are
crucial parameters of the SU-8 processing. Cross-linking is a process of extending a
polymer chain length in which covalent bonds are formed between molecules through
a chemical reaction creating a giant three dimensional network as schematically drawn
on the second step in Figure 2.3. The ”zipping up” cross-linking reactions can occur
between epoxy groups of either the same or different molecules. When cross-links are
formed, the previous liquid polymer starts losing its ability to flow since the polymer
chain between cross-links becomes not as free to slip. As a result, SU-8 has improved
elastic modulus, creep and thermal/environmental resistance, but at the expense of rel-
ative brittle behaviour. To increase molecules mobility and provide faster kinetic of the
curing reaction, the post-exposure baking must be carried out at temperatures greater
than glass transition temperature. That results in changes of the following properties:
• Some shrinking will inevitably occur due to reduction in free volume and density
increase
• Cross-linking reactions proceed gradually until the SU-8 film is solid. Therefore,
the final Tg of the material is higher than for the original SU-8 material and is
dependent strongly on the post baking parameters
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Y. Huang and A. Kinloch postulated27 that the fracture energy of a particle-modified
polymer may be simply expressed as:
GIc = GIcu + Ψ (2.1)
where GIcu is the fracture energy of the unmodified epoxy, and Ψ represents the overall
toughening contributions. These contributions can vary depending on different factors
such as nature of both matrix and toughener, applied stress conditions etc. Generally,
they can be categorised as on-plane (crack pinning, crack deflection, bowing etc.) or
off-plane (debonding, plastic void growth etc.) processes28. The most popular polymer
toughening mechanisms are summarised in Table 2.1 and represents schematically on
Figure 2.4. These mechanisms can either act alone, or in a combination in order to pro-
duce toughening effect. Main toughening micromechanisms are schematically depicted
in Figure 2.5 and described in details below.
Toughening mechanisms Improvement in fracture toughness
Crack deflection/bifurcation up to double
Crack bridging incremental
Crack pinning fractional
Void growth fractional
Multiple crazing up to several folds
Shear banding and cavitation up to an order of magnitude
Table 2.1: Examples of toughening mechanisms in polymers
2.3.1 Shear banding
Shear yielding is one of the most effective toughening mechanisms which was originally
proposed by S. Newman and S. Strella29 and presented in Figure 2.5(a).
Shear bands or yielding occur at regions with high stress concentration owing to
presence of embedded soft particle which produce sufficient triaxial tension in the ma-
trix. Initially the development of a triaxial stress dilates the matrix and along with
this, the triaxial stresses inherent in the rubber particles (due to differential thermal
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Figure 2.4: Crack toughening mechanisms in rubber-filled epoxies: (1) shear
band formation near rubber particles; (2) fracture of rubber particles after
cavitation; (3) stretching, (4) debonding and (5) tearing of rubber particles;
(6) transparticle fracture; (7) debonding of hard particles; (8) crack deflection
by hard particles; (9) voided/cavitated rubber particles; (10) crazing; (11)
plastic zone at craze tip; (12) diffuse shear yielding; (13) shear band/craze
interaction. The scheme was taken from elswhere1
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Figure 2.5: Schematically depicted main toughening micromechanisms: (a)
shear banding; (b) plastic void growth; (c) multiple crazing, (d) crack bifurca-
tion; (e) crack pinning; (f) crack bridging
contraction effects during initial curing) provide the necessary conditions for cavitation
of the rubber particles. Since the particles would also act as sites of yield terminations,
yielding would remain localized in the vicinity of the crack tip. It is reasonable to
assume that both cavitation and shear yielding would occur during the early stages of
load application. The real role of cavitation is to relieve the triaxial stress; that was
proven by multiple studies of variable polymeric compositions30–34. As soon as rubber
particles cavitate, the hydrostatic tension is released and the stress state of the matrix
is transformed from a triaxial stress state into a biaxial stress state, which is followed
with shear bands. Once initiated, the rubber particle cavitation would enhance further
shear yielding in the matrix. Crack tip blunting would increase extensively resulting in
increased development of the plastic zone at the crack tip. Thus toughness would be
enhanced as has been often observed in practice1,35.
2.3.2 Plastic void growth
Figure 2.5(b) shows mechanism of void growth. Rather than crazing of the epoxy ma-
trix, it is the cavitation process which is considered responsible for the stress whitening
effects usually observed in rubber modified epoxies followed by plastic void growth36–38.
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The voids around particles closed-up when the epoxy polymer was heated above its Tg
and allowed to relax. Though plastic void growth is usually initiated by debonding of
the nanoparticles, there are systems without nanoparticles where voids were observed38.
2.3.3 Multiple crazing
Depicted schematically in Figure 2.5(c), multiple crazing is efficient for improvement of
material toughness. This mechanism was proposed by C. Bucknall and R. Smith after
observing whitening ahead of a crack tip and a strong dependence of fracture toughness
on particle size39. Crazes are initiated from equatorial regions of high stress concen-
tration towards applied stress direction and contains fibrils of polymer drawn across,
i.e. normal to the craze surface. The termination of crazies occurred at the moment
of hitting with another particle. Therefore, a large crack formation is prevented. That
mechanism enables to prevent the material from failure by absorbing a great amount
of energy. A. Donald with coworkers40 described the mechanism in details and con-
cluded that 2-5 µm rubber particles produce the maximum toughness. As small as 1
µm induces a moderate impact in toughening. However, in case of thermosets where
crosslink density is much higher and chain length between cross links is short, crazing
is mostly inhibited41 and whitening phenomenon is not observed.
2.3.4 Crack bifurcation and/or deflection
Figure 2.5(d) presents a toughening scenario which takes place when the crack front
tilts and twists encountering the particles and passes around them causing an increase
in the total fracture surface area38,42. At these conditions, many secondary cracks are
appeared causing a distribution of the local stress intensity43. This mechanism is im-
portant for highly cross-linked epoxies modified by large rubber particles and can be
described by comparing the measured fracture toughness with the surface roughness.
However, crack deflection mechanism is ineffective by itself, unless interacts with other
mechanisms.
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2.3.5 Crack pinning
Crack pinning, illustrated in Figure 2.5(e) is responsible for bowing lines presence on the
fracture surface. F. Lange and K. Radford were the first who explained that strength-
ening mechanism in perfectly brittle materials with micrometer size particles44. The
crack pinning mechanism based on the impeding characteristics of the particles. The
propagating crack front, when encountering an inhomogeneity, becomes temporarily
pinned45. As the load increases, the degree of bowing between pinning points increases
which results in both a new fracture surface and an increase in the length of the crack
front.
The degree of toughening depends on both the volume fraction and particle size of
the filler. However, the particles should be larger than the crack-opening displacement
to provoke crack pinning. For composites modified with nanoparticles, the size of inclu-
sions is much smaller compare to crack-opening displacement and therefore, nanosized
tougheners are unlikely to cause crack pinning44,46–49.
2.3.6 Crack bridging
A schematically presented crack bridging toughening mechanism in Figure 2.5(f) is
applicable mostly for composites reinforced with nanofibres or filaments. However, it
can also appear inside particles formed by long chain polymers.
The role of bridging of the crack surface behind the crack tip is to reduce the
stress intensity at the crack front (i.e. shielding the lead crack tip) through spanning
two crack surfaces and applying surface tractions by a strong discontinuous reinforcing
phase. Pull-off length of brittle reinforcing phase is quite limited due to short length of
the phase and the fact that bonding and clamping stresses often discourage pull out.
Crack pinning and crack bridging mechanisms are interrelated each other and it
might be difficult to separate their contributions to the final toughness.
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2.4 From micro to nanoscale: materials for epoxy tough-
ening
The problem of epoxy brittleness occupied researchers over many decades. In spite
of the fact that multiple modification methods have been tested on various epoxy
thermosets, no versatile approach has been founded. The very first modifications were
traditional chemistry approaches such as chemical modification of a given rigid epoxy
chain to a more flexible structure or lowering the crosslink density either by increasing
the molecular weight of the epoxy monomers or decreasing the functionality of the
curing agents50,51. Though toughening effect was possible to be achieved, the fracture
resistance of the modified material was still insufficient.
Greater improvements of epoxies toughening were accomplished with a second phase
incorporation in the cured epoxy matrix. Though the improvements were achieved
only when the filler loading was quite high and above a threshold level, the inevitable
benefits on material properties from a second phase incorporation have been noticed.
Depending on type of modifiers, a control of rigidity, hardness, heat resistance, ther-
mal expansion, electrical behaviour, density, color and sometimes also the tribological
behaviour of modified material52 was possible to established. Furthermore, some of
the fillers, being relatively inexpensive, increased the bulk of a material parallel with
price reduction. Various types of micron-sized fillers such as glass beads36, ceramical
or mineral inclusions28,53, metal oxides54, thermoplasts55,56 etc were tested for epoxy
thermosets reinforcement. May and coworkers reported significant improvements of
electrical conductivity, thermal and tribological properties of polymer materials fol-
lowed after metallic fillers incorporation57. In another study headed by Giltrow, the
coefficient of friction of tested materials was reduced and wear rate decreased after
incorporation of solid lubricans58,59.
Among tested modifiers, the most successful toughener was founded to be a rubber
phase60–64 by using of reactive liquid rubber or preformed rubber particles. Rubber
can be dissolved in an epoxy as a plasticizer or flexibilizer or separated from the epoxy
matrix as a second phase during curing process. The reactive rubbers, several insolu-
ble and unreactive rubber modifiers, such as core-shell rubbers and dispersed acrylic
rubbers, altered the epoxy systems toughness. These fillers application is particularly
useful for adhesive and composite applications because the rubbery-phase volume of
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the final product is relatively insensitive to variations in curing conditions. Tg does not
decrease with increasing rubber content up to a certain level. In addition, the modulus
of these modified epoxy systems can be varied independently of the Tg.
In order to obtain material toughening affect with a rubber incorporation, special
conditions should be observed. The relationships between rubber phase morphology
and the mechanical properties of the cured resins have been studied for several model
systems of piperidine cured epoxy resins. Unfortunately, these resins are very limited
in usage. They possess rather low glass transition temperatures (usually below 100 ◦C)
and low crosslink densities. Consequently, these modified materials are not suitable for
high performance structural applications.
J. Sultan60 found that toughening mechanisms are affected by the rubber particle
sizes. On one hand, reported by R. Pearson65 and H. Azimi66, particles larger than 20
µm in diameter are ineffective for toughness improvement probably due to absence of
interaction with the crack tip process zone. The smaller inclusions, the better results
of modification can be obtained36,61. Meaning, the efficiency of reinforcing fillers is
inversely proportional to the size and directly proportional to the filler surface area
to volume ratio53. Compared to microparticles, nanoparticles confer unique features
to polymer composites according to multiple experiments28,67. Besides, in case of op-
eration with nanoparticles, less amount of the modifier is used to archive toughening
effect. In most cases, the loading amount of nanoparticles is much lower compare to
typically 10-40 vol.% for microparticles. On the other hand, an existence of the lowest
limit of rubber particle size in 250 nm was described by C. Bucknall and coworkers
based on energy balance concept68,69. Reaching a critical volume fraction might bring
aggregation of the filler and a decreasement of the mechanical modulus as it has been
occurred in some glass filled systems70–73. Therefore, finding a proper size and mor-
phology of an modifier is sophisticated but vital issue in order to obtain a sufficient
toughening of epoxy thermosets.
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2.5 Amphiphilic Block Copolymers as an universal soft
material
As a result of various studies over many years several correlations between filler’s size
and chemical nature of films were noticed. Eventually, the smaller and more uniform
distributed agents are used, the more effective toughening effect is achieved. Fillers
which react with an modified matrix possess even better result.
The evolution of nanotechnology has embraced soft material self-assembly as a
fabrication tool74,75, and block copolymers certainly represent a class of materials that
exhibit unparalleled versatility in this regard67,76–78.
Amphiphilic block copolymers (ABCP) are comprised of two or more homopoly-
mers that are thermodynamically incompatible subunits joined together by covalent
bonds79. This type of polymers have been the subject of multiple studies over the last
decades80–83, largely due to the interesting behaviour such as an ability to undergo
self-assembly in solutions84–86. The blocks show different affinity towards a poten-
tial solvent and, frequently, a tendency to avoid mixing of dissimilar blocks with one
another. Given the opportunity, the different parts strive to minimize their contact,
and can thus coerce the amphiphilic molecules to attain a preferential orientation and
therefore form well-defined structural order and nanometer scale dimensions morpholo-
gies87 under appropriate conditions as depicted on Figure 2.6. By determining the
appropriate components and conditions leading to the desired nanostructure, it is the
opportunity to control and tune the final morphology.
Recently it has been reported by R. Grubbs and co-workers that ABCP morpholo-
gies in solvents can be duplicated in cured blends of epoxy88,89. That is uniqueness
of block copolymers compare to homopolymers or random copolymers that can form
macrophase separation only. By varying affinity balance and, therefore, relative chain
volume fractions, particle morphology can be dictated. In particular, increased vol-
ume of immiscible block leads to progressive transformation micelles fraction through
worm-like micelles into diblock copolymer vesicles. As the result, a preservation of
many characteristic properties of the original material such as weight, transparency,
ductility and good processability is occurring after a modifier addition53.
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Figure 2.6: Block copolymer structures which might be formed in bulk and
solutions2
An era of polymers toughening effects has been started from diblock copolymers
which are both reactive and non reactive with matrix systems. Poly(ethylene oxide)-
poly(ethylene propylene)88–90, poly(isoprene)-poly(butadiene)91, poly(ethylene oxide)-
poly(propylene oxide) and methacrylic ABCPs92 showed to be very effective modi-
fiers. Furthermore, toughness effect of triblock copolymers was investigated as well93.
A summarized observation of block copolymers types and their impact in mechani-
cal properties improvement of epoxies was published by A. Ryan and co-workers67.
Evidently, applying correct mixing conditions to blends of an epoxy with a suitable
block copolymer at proper concentration of the last, it is possible to archive desired
mechanical properties.
The enhancement of the modified thermoset’s mechanical properties depends a lot
on the morphology adopted by the polymers. Besides improving mechanical properties,
the morphology has an effect on glass transition as well67.
Due to the high concentration of particles per volume, which typically 106 − 108
particles/ µm3, the distance between particles (10-50 nm at 1-8 vol.% inclusion) is com-
parable to the size of the interphase region. Therefore, the interfacial region’s volume
fraction is significantly augmented when compared to the bulk matrix. Consequently,
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stress transfers from matrix to nanoparticles leading to increased strength and stiffness
of the composite.
2.6 Factors influence on toughening effect
As discussed previously, in order to achieve toughening effect, a toughening agent has
to provide numerous effective stress concentration sites or alter the original stress state
in the matrix with one or more toughening micromechanisms mentioned previously.
That concept of an epoxy modification with amphiphilic copolymers is very attractive
and inspires confidence. However, there is no universal procedure or methodology for
real systems except mixing the ”right” components under the ”right” conditions. The
challenge is to control and tune the morphology or, in another words, to determine
the appropriate components and conditions leading to the desired self-assembled mi-
crostructures with very well-defined structural order and nanometer scale dimensions.
Matrix properties influenced on toughening:
• Molecular mobility. Equilibrium between matrix and modifier is vital especially
over curing reaction. Immobility might provide macro phase separation.
• Cross-link density. It should be high enough to maintain and anchor formed
microstructures but not too dense in order to provide sufficient stress propagation.
It should be noted that significant improvements (10 folds or so) for fracture
toughness have been reported only in the case of lightly crosslinked epoxies1.
• Thermosets distribution. Thermosets must be dissolved and become uniform dis-
persed on a molecular level in the epoxy, but required to precipitate out when
epoxy crosslinking occurs. Homogeneously spread particles accelerate stress more
efficient and a crack propagation can be easier blocked with one of possible mech-
anisms.
• Crack tip radius. Ideally, its size should enable to reduce energy from stress con-
centrations significantly by plastic deformation before the crack actually propa-
gates.
20
2.6 Factors influence on toughening effect
• Molecular properties (molecular weight, molecular weight distribution, crystallinity,
etc.)
• Stress state, rate and temperature dependence.
A toughening agent properties influenced on toughening:
• Type of inclusion phase. Cavitation strength, bulk modulus, glass transition
temperature, etc. matter.
• Size of inclusions. It has to scale with the crack tip radius and the craze band
width.
• Interface-interface bonding (chemical and physical).
• Phase morphology (continuous, co-continuous, phase inversion).
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3SU-8 negative photoresist
characterization
3.1 SU-8 characterization: composition, chemical struc-
ture and FT-IR fingerprint
SU-8 is an epoxy-based, near-UV, negative tone resist. The main component of the
resist is EPON (Shell Chemical), which is dissolved in cyclopentanone. The amount of
solvent determines the viscosity and thus, the range of available thicknesses, extending
from tens of nanometres to millimetres. In the present investigation SU-8 2075 serie
was used and its solvent content has been estimated by controlling weight of three
samples staying under vacuum over two weeks. As cyclopentanone evaporates, sample
mass decreased gradually. Figure 3.1 depicts the drying process and illustrates the SU-8
weight stabilisation at the end of second week. By primitive calculation an approximate
solvent content in SU-8 2075 has been estimated to be 30 wt.% though solvent residue
might be left in the resin over two weeks of drying.
According to official information from MicroChem Corporation13, idealized molecule
of SU-8 has eight epoxy groups such as decoded in the name and presented in Figure 3.3.
SU-8 analysis with size-exclusion chromatography (SEC) proves a very broad molecular
weight distribution. Figure 3.2 illustrates the chromatography response, which can be
represented as a combined signal from at least five components with various molecular
weight from 1000 Da to 2500 Da.
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Figure 3.1: SU-8 solvent content estimation by controling weight of a SU-8
sample over two weeks
However, a more detailed investigation of the material revealed, that SU-8 is a com-
plex mixture of oligomers and a few derivations from the idealized structure. Presented
in Figure 3.4, the MALDI-TOF spectrum possesses a broad molecular mass distribu-
tion with visible peak in the range 1000 Da to 2500 Da. Due to the signals from
the matrix, peaks presenting below 1000 Da are not reliable. SU-8 is a condensation
polymer of bisphenol-A diglycidyl ether (BADGE) and formaldehyde. Thus, the most
probable molecular mass distribution is expected. Since MALDI measures the number
of molecules arriving at the detector, the relevant distribution is the number distribu-
tion. This distribution is expressed as P(M)=Mnexp(-M/Mn). The peaks with masses
1067, 1420, 1773, and 2125 Da correspond to the idealized formula in Figure 1 with
repeat units from 2 to 5; all glycidylether groups are preserved. The peaks at molecular
mass 1011, 1363, 1716, 2068, 2420 correspond to the same molecules but missing one
glycidyl group. Moreover, the same idealized molecules but missing two glycidyl groups
are presented with molecular mass 1307, 1660, 1716, 2013, and 2364.
If the intensity for each degree of polymerization (e.g. the intensity for group signal
with mass 2125, 2068, and 2013 representing n=6) can be fit by the most probable dis-
tribution with Mn = 1.8kgmol
−1. The presence of species with molecular mass lowered
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fingerprint
Figure 3.2: SEC responce of SU-8
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Figure 3.3: SU-8 chemical structure. In ideal molecule R1and R2 are glycidyl
groups; R3 and R4 are hydrogen end groups
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fingerprint
Figure 3.4: MALDI-TOF spectrum of SU-8. Molecular weights are presented
for complexes with sodium ion
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by one or more glycidyl groups is not due to impurities of the monoglycidyl ether of
bisphenol-A in the BADGE monomer but rather substantial amounts (around 10%) of
bis(glycidyl bispheonol A) glycerol ether94. This species contain two bisphenol-A units
and three glycidyl/glycerol units and appear in the MALDI spectrum as one glycidyl
missing.
Another useful method for the characterization of organic material, fourier-transform
infrared (FT-IR) spectroscopy, was applied to demonstrate characteristic bonds and
their changes over cross-linking. SU-8 absorption peaks in the infrared region of the
electromagnetic spectrum are shown in Figure 3.5, representing a soft-baked SU-8 film
analysis. A broad peak centred at 3425 cm−1 attributes to associated hydroxyl groups.
Small amount of residual solvent in SU-8 film can be detected at 1700 cm−1-1750 cm−1.
During SU-8 soft-baking and further cross-linking, these two peaks are diminishing due
to solvent evaporation.
Figure 3.5: FTIR spectra of soft baked (non cross-linked) SU-8
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Majority of characteristic signals are located in the fingerprint region of 1700 cm−1
- 500 cm−1. Figure 3.6 represents a part of the recorded FT-IR spectra of both soft-
baked and cross-linked SU-8. The peak at 1504 cm−1 refereeing to C-C stretching in
SU-8 aromatic rings is independent of processing parameters as the monomer backbone
is unmodified during cross-linking. Therefore, two spectra in Figure 3.6 have been
normalized to that peak in order to detect polymerization influence on FT-IR spectra
representation.
Figure 3.6: FTIR spectra of soft baked and cross-linked SU-8 in the fingerprint
region of 1700 cm−1 - 500 cm−1
During the polymerization of the SU-8, the epoxy groups are opened and ether
bonds and -OH groups are formed instead. As the result, the peaks at 862 cm−1
and 914 cm−1 are disappearing proportionally to applied exposure dose. These two
peaks, assigned to C-O stretching of epoxy groups, are useful indicators of cross-linking
reaction and appear only for non polymerized resin95. In parallel, the intensity of the
C-O stretching of ethers at 1105 cm−1 increases, which is another consequence of the
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Frequency, cm−1 Assignment Intensity
3200-3500 O-H stretch ↘
3036-3057 Aromatic C-H stretches ↘
2962-2871 Aliphatic C-H stretches NA
1700-1750 C=O stretch of cyclopentanone ↘
1609, 1583, 1504, 1469 Aromatic ring C-C stretch modes →
1469 CH2 bend (scissoring) ↗
1384, 1362 Aliphatic CH3 doublet bends ↘
1297, 1182 Aliphatic C-O stretch NA
1241 Phenol C-O stretch NA
1105 Aliphatic C-O stretch (ether bond) ↗
1031, 971 Aromatic C-H in-plane bends ↘
914, 862 C-O stretch of epoxy ring ↘
827 Aromatic C-H out-of-plane bends NA
657 Aromatic C-C out-of-plane blends ↘
Table 3.1: Infrared peak assignments of SU-8
cross-linking in epoxy. All three previously mentioned peaks enable to estimate level
of cross-linking and will be used further for characterization of modified SU-8.
The absorption peaks at 862, 914, 971, and 1.105 cm−1 are found to be useful in-
dicators for the degree of cross-linking in SU-896,97. The level of cross-linking in SU-8
is monitored by studying the changes in amplitude of these absorption peaks. They
vary with respect to variation of lithographic process parameters or SU-8 composition.
For easier FT-IR peaks identification, all mentioned in the previous discussion signals
are decoded in Table 3.1 with a tendency towards increasing or decreasing over SU-8
cross-linking.
Thermal stability of SU-8 resin has been studied and TGA measurements were
carried out under nitrogen flow. Differential thermogravimetric plot (DTG) of cured
SU-8 is displayed in Figure 3.7. A presence of at least four degradation temperature
peaks appears after the curve pseudo voigt fitting. The resin decomposition begins
at 316◦C where a tiny peak is presented. The dominant peak is presented at 388◦C
where the cured EPON is decomposed. The rest of the polymer decomposed at higher
temperature around 440◦C, creating a shoulder of the main peak. The carbon residues
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prolongs the burning and cause a minor peak at 680◦C.
Figure 3.7: DTG plot of SU-8 resin. The inserted section represents the com-
ponent analysis
3.2 Experimental
In the present study SU-8 2075 (MicroChem) was used for all experiments. Solvent
content was estimated by periodic controlling weight of samples, which were stored un-
der vacuum over two weeks. For a soft-baked SU-8 sample preparation, a small drop of
SU-8 was placed on TEFLON disk and baked at 50◦C over 10 hours. Then, soft-baked
film was exposed to UV-light of 365 nm wavelength with 7 mW/cm2 intensity, followed
with hard baking at 90◦C over 24 hours.
A SEC system equipped with PLgel MIXED-D S/N: 5M-ML and PSS SDVgel gel
columns and an refractive index detector was used for the size exclusion chromatogra-
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phy (SEC) measurements. SU-8 epoxy resin was dried under vacuum in order to replace
cyclopentanone. THF (Sigma Aldrich, CHROMASOLV Grade) with 5% TEMDA was
used as eluent at ambient temperature at a flow rate of 1.0 mL/min. Trace amount of
irganox (BASF) with molecular weigh of 1300 g/mol was added to the sample in order
to control peaks positions. SU-8 concentration of 1 mG/mL was used.
Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF) investigations were conducted on a Bruker Autoflex Speed spectrometer. SU-8
was dissolved in THF (Sigma Aldrich) in concentration of 1 mg/ml and mixed with 2,4-
dihydroxybenzoic acid (50 mG/mL) and sodium trifluoroacetate (0.5 mG/mL). After
that mixture drying on the sample holder, the measurements were carried out using the
follow conditions: linear polarity, flight path-reflection, 12000 shots per sample, 20kV
acceleration voltage, laser power 60%. Peaks masses given in MALDI-TOF spectra
results from the molar mass plus the mass of sodium ion from the substrate.
FT-IR spectra in transmission mode were recorded at room temperature on a
PerkinElmer Spectrum 100 spectrophotometer equipped with diamond ATR crystal.
Similar force was applied on all samples. A 4 cm−1 resolution in a wave-number range
from 4000 to 550 cm−1 was used.
Thermal analysis was performed on NETZSCH STA instrument in a temperature
range from 20◦C to 700◦C. Standard parameters were setted such as heating rate of
5◦C/min, nitrogen flow of 60 mL/min and a sensitivity value of 1.00.
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4.1 Solubility prediction models. Hansen Solubility pa-
rameters
The solubility of a substrate (a solid, liquid, or gaseous chemical substance) is its ability
to go in a homogeneous solution in a solid, liquid. or gaseous solvent and depends on the
solvent along with temperature and pressure. Moreover, it is a balance of intermolecular
forces between the solvent and solute, and the entropy change that accompanies the
solvation.
Ideal solubility defined as the solubility of a solute in the perfect solvent, for which
there is no energy penalty associated with the dissolution process. If the enthalpy of
fusion, the melting point and heat capacities are known, the ideal solubility can be
calculated by the follow expression:
log(s) =
∫ T
Tm
−∆Hm(T )
RT 2
∂T (4.1)
Unfortunately, the ideal model does not cover cases where there are specific chemical
reactions or ionic effects associated with dissolution since it depends only on the energy
penalty needed to break the crystalline structure. Moreover, practice shows that when
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multiple components are mixed, deviations from ideal prediction often occurred. In-
termolecular interactions between components makes extremely complicating and time
consuming to measure pure substance activities.
Over the past few decades, multiple models have been developed for more practical
solubility predictions. The simpler models based on partition coefficients (Log P) or
polar/non-polar interactions are limited in the sense that two substances may not be
miscible with each other. The partition coefficient is a ratio of concentrations of un-
ionized compound between the two solutions. The classic method of partition coefficient
measurement is the shake-flask method. A material is placed in a specified volume of
octanol and water followed with the concentration estimation of the solute in each
solvent. That solubility method describes correctly only the partition coefficient of
neutral molecules and can not be used for accurate determination of lipophilicity for
ionizable compounds.
The more complex models include various quantitative structure activity relation-
ships, quantum mechanical and thermodynamic tools such as COSMOtherm98, and
others based on Abraham parameters99 or Non-random Two-Liquid Segment Activity
Coefficients (NRTL model)100.
Abraham and co-workers have presented the general solvation equation to correlate
solute properties (SP) with five parameters:
log(SP ) = c+ eE + sS + aA+ bB + vV (4.2)
Here, E is an excess molar refraction obtained from refractive index. S is the polarizabil-
ity, that can be obtained from gas-liquid chromatography. A and B are hydrogen bond
acidity and basicity, respectively. V is the McGowan characteristic volume, calculated
from bond and atom contributions. The coefficients c, e, s, a, b, and v correspond to
the complimentary effect on the phase on these interactions101.
The model used in the present research is Hansen Solubility Parameters (HSP’s)102
which is relatively simple to use while maintaining a degree of accuracy. It has been
developed by Ch. M. Hansen in 1967 and posses a general concept which explains all
previously mentioned theories. HSP approach separates the polar and hydrogen bond-
ing effects independently, unlike previously mentioned models. That makes HSP model
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a universal prediction tool that was applied successfully for understanding and predic-
tion of environmental stress cracking in polymers103, controlled dispersion of pigments,
adhesion to polymers, permeation of solvents and chemicals through plastics, cytotoxi-
city via interaction with DNA104, commercial solvents penetration through skin105 and
many others.
The main concept of HSP’s model is that ”like seeks like”, as surfaces do not
(usually) dissolve. The basis of HSPs is that total energy of vaporization of a liquid
can be divided into at least three parts which come from the nonpolar/dispersion
(atomic) forces, ED; the permanent dipole-permanent dipole (molecular) forces, EP ;
and hydrogen bonding (molecular) forces, EH . The sum of all listed types of energy
generally called the electron exchange energy:
E = ED + EP + EH (4.3)
Rewriting that equation by utilizing Hildebrand solubility parameter, (EV )
1/2, HSPs
can be revealed:
E
V
=
ED
V
+
EP
V
+
EH
V
(4.4)
δ2 = δ2D + δ
2
P + δ
2
H (4.5)
The δD represents the dispersion (Van der Waals) property of a molecule and never
equals zero since all molecules attract each other via dispersion forces. The δP value
shows the polar attribute of a molecule and correlates well with the dipole moment.
The δH is hydrogen bonding interactions, both donor and acceptor as well as traditional
hydrogen bonding groups such as OH. In such a manner each compound can be assigned
the three HSPs: δD, δP , δH , and compounds likeness is calculated by a calculation of
3D-distance.
The methods of determining the parameters can be experimental or theoretic pred-
icative. Knowing these HSPs, the components ”likeness” is calculated by 3D distance
calculation which can be visualized graphically. The HSP’s distance between compo-
nent A and component B is expressed in the following manner:
D =
√
4(δAD − δBD)2 + (δAP − δBP )2 + (δAH − δBH)2 (4.6)
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The smaller the distance, the more components A and B are alike and therefore,
the higher the solubility of their blends.
Despite HSPs model provides a quite good simulation of blends solubility, several
limitations are acknowledged such as the parameters are hard to measure, they can
vary with temperature and the size of the molecules plays a significant role especially
in case of polymers.
4.2 Solubility prediction by using HSPs model. Choice of
amphiphilic block copolymers for SU-8 modification
SU-8 is a non-trivial matrix with non-uniform molecular structure and molecular weight
distribution as it was discussed in Chapter 3. That popular epoxy resin was studied
thoroughly regarding chemical and physical properties except HSPs parameters. There-
fore, HSPs for both cured and uncured SU-8 resins have been found experimentally.
The best method to calculate individual HSPs involves a calculation of the nonpolar pa-
rameter according to the most reliable and consistent procedure outlined by R. Blanks
and J. Prausnitz106. A key to parameter assignments in this trial-and-error approach
was that mixture of two non-solvents could be found to dissolve given polymers. Using
a large number of such predictably synergistic systems as a basis, a reasonably accurate
division into three energies from hydrogen bonds, dispersion and intermolecular forces
is possible. These three parameters are forming Hansen space where spheres with cer-
tain interaction radius (R) are placed.
Since structure and molecular properties of SU-8 are changing through processing,
especially during curing, an investigation of three similar systems such as SU-8 pure
epoxy resin, an original SU-8 and cured SU-8 films are done. The higher number of
solvents used the more precise HSPs of the samples will be found. Overall, 26 solvents
(ReagentPlus grade) were found in the lab and used. A solubility scale of six grades
was applied to evaluate results. The results of solubility investigation are presented in
Table 4.1 and simulated HSPs can be found in Table 4.2.
HSPs graphically depicted as solubility bodies in Figure 4.1. The spheres are rep-
resented in a 3D view and three cross sections. Yellow point represents a junction
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Solvent SU-8 without an initiator SU-8 2075 SU-8 2075 UV cured
Water 3 5 6
Acetone 1 1 6
Tetrahydrofuran 1 1 6
Methanol 5 5 6
Ethanol 5 5 6
Isopropanol 5 5 2
Ammonia 5 4 6
Toluene 1 6 6
Cyclohexane 5 6 6
1-hexanol 5 5 6
Chloroform 1 1 2
Hydrogen peroxide 3 5 6
Ethylene dibromide 1 1 6
Acetic acid 1 1 6
Hydrazine hydrate 5 3 6
Acetonitrile 1 1 6
Triethylene glycol 3 5 5
Dimethyl sulfoxide 1 1 5
N,N-dimethylformamide 1 1 3
Dichloromethane 1 1 2
Pyridine 1 1 4
Formaldehyde solution 5 5 6
Cyclopentanone 1 1 2
Diethyl ether 5 5 6
Heptane 5 5 6
Hexane 5 5 5
Table 4.1: SU-8 solubility estimation. Grades are decoded as the follow: 1 -
soluble; 2 - almost soluble; 3 - strongly swollen, slight soluble; 4 - swollen; 5 -
little swelling; 6 - no visible effect
Material Dispersion Polar Hydrogen bonding Interaction Radius
SU-8 without an initiator 19.30 11.21 10.9 5.96
SU-8 2075 uncured 18.44 12.30 10.55 9.4
SU-8 2075 cured 17.61 10,08 12.07 6.9
Table 4.2: Hansen Solubility parameters for SU-8
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value which would define a solvent most likely to interact with each of the presented
polymers.
From the spheres positions in Figure 4.1 it can be concluded that initiator does
not influence on position of uncured SU-8 solubility body. Slight mismatching of an
initiator free SU-8 and uncured SU-8 bodies is within the measurement accuracy and
can be neglected. Solvent evaporation and cross-linking reactions that taking place
during curing, minor influenced on SU-8 solubility as well. Total cohesion energy stays
almost unchanged and in order to simplify further predictions, HSPs of cured SU-8 are
used for calculation.
The most challenge task is to select a polymer with as high HSPs as SU-8, so it
will be miscible with the resin. Since SU-8 possesses not trivial parameters and only a
very few polymers have similar characteristics. A computing method based on relative
sedimentation time and suspension was applied102. Local adsorption by active groups
(alcohol, acid, amine) having the required match, can provide anchors on a surface that
may no longer be soluble in the continuous media, and therefore will remain in place
as required. 2-vinylpyridine with HSPs such as (δD : δP : δH) = (18.1 : 7.2 : 6.8)
has been proposed as a SU-8 miscible monomer since its hydrogen and polar bonding
parameters match SU-8 better compare to other polymers from database. HSPs of final
polymer depends not only on polymer size and molecular structure but also on HSPs
calculation method that can give not precise prediction. I. Utracki and co-workers as-
sumed the δD parameters for polymers are not differ too much between polymers and
interpreted evaluations of polymer-polymer compatibility using calculated values for
δP and δH 107,108. Group calculations were used in that study though errors involved
in that process are quite high and an experimental test with another set of solvents can
result in other parameters.
Well-known polybutadiene (PB) has been selected as a second block for a target
amphiphilic block copolymer due to drastic dissimilarity of PB and SU-8 chemical struc-
tures. Moreover, total cohesion energy for PB is smaller than 25 MPa1/2 that enforces
molecules dissipation during mixing. Solubility bodies of all three previously mentioned
compounds are presented in Figure 4.2. Miscibility of PB and SU-8 is obvious by long
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Figure 4.1: Two shperes in Hansen space reffered to uncured and cured SU-8.
Green points represent the polymers centers, yellow spot is a junction point
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distance between their spheres whilst PVP and SU-8 spheres are overlapping. Con-
sequently, a copolymer composed from 2-vinylpyridine and butadiene is expected to
undergo self-assembling as encapsulated into SU-8.
Figure 4.2: 3D solubility bodies for cured SU-8, poly(vinylpyridine)(PVP)
and polybytadiene(PB). All spheres were simulated by using HSPiP software
data base except SU-8. Green points represent the polymers centers, yellow
spot is a junction point
The closer spheres are, the more likely that materials are dissolved into each other.
Therefore, in order to modify the mechanical properties of SU-8 with an amphiphilic
modifier, 3D solubility bodies of both components are touching or overlaping each other.
In order to prove the prediction, a linear block copolymer PB62−b−PV P35 with equal
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Material δD δP δH R T
uncured SU-8 18.44 12.30 10.55 9.4 24.55
cured SU-8 17.61 10.08 12.07 6.9 23.61
PB62− b−PV P35 18.87 8.01 14.22 11.4 26.5
Table 4.3: Hansen solubility parameters of materials used in the present study.
δD, δP and δH are HSPs for the dispersion, polar, and hydrogen interactions,
respectively; R is interaction radius and T is total cohesion energy
molar fraction of blocks was synthesised (information regarding the copolymer synthesis
can be found in Chapter 5). Experimentally found HSPs for PB62−b−PV P35 are (δD
: δP : δH) = (18.87 : 8.01 : 14.22). Total cohesion energy for that copolymer is similar
to SU-8 and equals to 26.5MPa1/2. A tendency towards a polymer self-assembly can
be checked by estimation of surface and interfacial energies with total cohesion energy
and hydrogen bonding parameters. Both total cohesion energy and hydrogen bonding
parameter are higher for the synthesised copolymer compare to SU-8. However, that
discrepancy is insufficient by taking into account computing errors of HSPs estimation
and spheres modulation.
Another parameter to operate with is a solubility distance, Ra, which can be cal-
culated with the equation 4.7.
(Ra)
2 = 4(δd2 − δd1)2 + (δp2 − δp1)2 + (δh2 − δh1)2 (4.7)
The ratio between Ra and interaction radius (R0) depicts the relative energy differ-
ence (RED)102. Solubility, or high affinity, requires that Ra be less than R0, meaning
progressively higher RED numbers indicate progressively lower affinities. Ra between
PEE62−b−PV P35 and cured SU-8 has been found equal to 7.17 and, therefore, RED
number is 1.04. Consequently, the system is expected to be partially dissolved. For a
vivid representation of presented discussion, HSPs of all mentioned materials are pre-
sented in Table 4.3 and solubility spheres of SU-8 and the final modifier are illustrated
in Figure 4.3.
To support the presented simulation algorithm, several polymers were tested on
their miscibility with SU-8. The information about solubility of these polymer in
SU-8 and applied conditions are presented in Table 4.4. Among tested polymers
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Figure 4.3: Two shperes in Hansen space reffered to curred SU-8 and
PB62−b−P2V P35. Green points represent the polymers centers, yellow spot
is a junction point
Polymer Mw, g/mol Solubility grade
poly(ethylene oxide) 100,000 swallow after heating and sonication
poly(1,2-butadiene) 15,000 immiscible
polyisoprene 35,000 immiscible
poly(2-vinylpyridine) 5,000 soluble with sonication
poly(4-vinylphenol) 11,000 immiscible
Table 4.4: Test of polymers solubility in SU-8 resin
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poly(ethylene oxide) and poly(2-vinylpyridine) dissolved in SU-8 under gentle heating
and ultrasonication. Analysis of published data confirmed application of the last poly-
mer, poly(2-vinylpyridine), as epoxy miscible component. For instance, the miscibility
of P2VP in epoxy system was evidenced by the depletion in Tg of the epoxy-rich phase as
a result of its miscibility in the matrix109,110. Another example is self-assembled ther-
moset materials made by incorporation of poly(styrene)-b-poly(2-vinylpyridine) into
Araldite LY556 epoxy111. Poly(styrene) block microdomains were observed for blends
when the copolymer content was higher than 20 %.
Summarizing the data in the present chapter, PEE-b-P2VP can be called a univer-
sal amphiphile for SU-8 resin due to PEE and P2VP polymers have different affinity
towards epoxy by combining highly electron rich and deficient structures. Moreover,
these two polymers are incompatible enough to each other and will self-assemble into
structures.
4.3 Experimental
In the present study SU-8 2075 and SU-8 without an initiator and containing 60 vol.%
of cyclopentanone were utilized. Both resins were purchased from MicroChem. For sol-
ubility test SU-8 samples were prepared following a standard lithographic procedure.
SU-8 was spin coated on a Si-wafer at 5000 rpm for 90 seconds. In order to obtain
uncured samples, wafers were soft baked at 70◦C over 1 h. For cured samples UV
exposure and hard baking at 90◦C over 15 h were performed.
HSPs have been found experimentally by testing solubility in 26 solvents purchased
from Sigma Aldrich (ReagentPlus grade) and used without purification. Each sample
with weight around 0,1 g were placed in 1 ml of solvent at room temperature and left
stirring overnight. Low solubility samples were ultrasonicated and heated in order to
promote solvation. Visual examination of solubility was performed after 5 days by us-
ing 6 grades scale: 1 - soluble; 2 - almost soluble; 3 - strongly swollen slight soluble; 4
- swollen; 5 - little swelling; 6 - no visible effect.
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For simulations and computing of solubility HSPiP 4th Edition 4.1.05 software was
used. As 3D solubility bodies were chosen the ones having the smallest volume, the
least number of outliers, and the highest fitting coefficient.
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copolymers for SU-8
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5.1 Synthesis of poly(butadiene)-b-poly(2-vinylpyridine)
In the previous chapter it has been found that poly(butadiene)-b-poly(2-vinylpyridine)
(PB-b-P2VP) amphiphilic block copolymer might self-assemble in SU-8 resin and,
therefore, decrease the resin brittleness by absorbing an applied stress with nano-
structures. However, PB is known as a fast oxidizing polymer and storage time of
it is limited. Therefore, for higher efficiency of the proposed copolymer, it is required
to stabilise the structure through vinyl bonds saturation and incorporate poly(ethyl
ethylene)-b-poly(2-vinylpyridine) (PEE-b-P2VP) in SU-8 instead of PB-b-P2VP.
The synthetic route to PEE-b-P2VP preparation is not trivial. The routine accom-
plished in the present study consists of poly(butadiene)-b-poly(2-vinylpyridine)(PB-b-
P2VP) synthesis followed with selective hydrogenation of vinyl double bonds in PB
block.
The synthesis of PB-b-P2VP block copolymers with well-defined molecular weights
(Mw) and block volume fractions (fm) is accomplished through a living polymerization
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technique by sequential monomer addition. Despite the continuing development of new
strategies for the synthesis of well-defined copolymers, anionic polymerization continues
to be the most reliable and versatile method for the synthesis of a wide variety of model
polymers. That technique allows precise Mw and fm definition due to the absence of
chain transfer and undesired chain termination that can reduce the average molecular
weight of the final polymer. However, one limitation of the sequential monomer addi-
tion technique should be underlined: both of the monomers must be compatible with
the chosen polymerization mechanism.
Four PB-b-P2VP diblock copolymers were synthesised via sequential living anionic
polymerization at low temperatures. In order to polymerize butadiene with a pre-
dominant 1,2-structure, the synthesis was carried out in THF112. Reaction time was
estimated based on standard kinetic models published previously112 113. Polymeriza-
tion of PB took 3.5 hours which is 7 times longer compared to P2VP mostly due to
the fact that the electron-deficient pyridine ring significantly reduces the pi-electron
densities of a vinyl group.
Molecular weight of the synthesised copolymers was chosen to be low. Y.S. Thio in-
vestigated an influence of copolymers molecular weight on epoxy toughening efficiency.
Low molecular weight (2,220 Da and 3,580 Da) poly(butylene oxide)-poly(ethylene
oxide) was synthesised and mixed with poly(bisphenol A-co-epichlorohydrin). It is be-
lieved that length scale influence dramatically on epoxy toughening mechanism. From
one hand, there is a risk that the small spherical micelles might not contribute in tough-
ening at all. From another hand, it is concluded that large self-assembled structures
behave as defects and promote fracture earlier114.
5.2 Synthesis of PEE-b-P2VP by selective hydrogenation
of PB-b-P2VP
Selective hydrogenation of PB is a very challenging task, since a combination in one
molecule of both vinyl bonds and pyridyl groups is not trivial. To avoid pyridine rings
saturation one needs a very gentle catalyst under mild conditions. Those catalysts are
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known for organic molecules but have not been used for polymers.
In general, hydrogenation can be provided with either homo- or heterogeneous cat-
alysts. Heterogeneous metallic catalysts are preferable due to utilization convenience
and easy removal from the reaction mixture by filtration. Unfortunately, these catalysts
lack of selectivity, and, in addition, may induce alkene bond migration and unwanted
hydrogenolysis.
Standard hydrogenation of PB-b-PVP with palladium catalyst Pd/CaCO3 under
mild conditions at hydrogen pressure of 30 bar was tested, which resulted in fully hy-
drogenated copolymer. The same reaction was carried out in various solvents such as
THF, methanol and toluene under various time and pressure. Unfortunately, unsat-
urated bonds in both diens and vinylpyridine units are highly reactive and precursor
became complete hydrogenated in all applied conditions.
An interesting method of selective hydrogenation was suggested by Y.Aoyama115.
Studying hydrogenation of polymers as an effective way of modifying structures, protection-
deprotection strategies were presented for polymers having heterocycle aromatic rings.
In that study, the aromaticity of pyridine was used as ”protecting group” for further
incorporation of amines into vinyl polymers. If other segments in a copolymer are
also unsaturated, then there is the possibility of selective hydrogenation of either seg-
ment. For that purpose a suitable solvent should be chosen in order to form micelles
from aimed copolymer. Y. Aoyama and co-workers applied that concept on selective
poly(styrene-b-2vinylpyridine) hydrogenation. Using dimethylacetamide and Rh/C as
a catalyst 100% of pyridyl was hydrogenated while none of styrene unites saturated.
Opposite, a mixture of methanol and chloroform over PtO2 allowed to hydrogenate
13% of styrene and keep pyridine untouched. Therefore, having micelles formed from
sensitive P2VP core and surrounded with PB shell might solve hydrogenation issue for
PB-b-PVP. However, there are few potential issues which can fail hydrogenation. First,
spherical micelles formation is required for a special solvent or a mixture of solvents.
That estimation in case of PB-b-P2VP is not trivial and can be accomplished experi-
mentally only. Second, depending on block molecular weights various structures except
spherical micelles can be formed. The hydrogenation concept of ”protective group” was
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studied only for spherical geometry and there are uncertainties regarding its efficiency
for other geometries. Third, PB shell should be thick enough to protect P2VP core, but
also thin and sufficient movable in order to all vinyl bonds presented in a copolymer
react with hydrogen.
Nevertheless, that method was tried on PB-b-P2VP using a mixture of chloroform
and methanol with platinum oxide as described in previous mentioned publication115.
Applied conditions were room temperature, 60 bar of hydrogen pressure and 120 hours
of reaction time. 1H −NMR spectra of a copolymer after hydrogenation showed ab-
sence of signals from 4.5 ppm to 9 pmm. That meant, that both blocks in the final
product were hydrogenated completely. This behaviour can be attribute to incorrect
micelles formation.
Since non of heterogeneous catalysts led to desired selected hydrogenation, homo-
geneous catalysts were tested further. In contrast with heterogeneous catalysis, ho-
mogeneous ones offers catalytic mobility and circumvents polymeric chains orientation
problems. Summarized information about all tested homogeneous catalysts and applied
conditions are presented in Table 5.1. Unfortunately, most of the trials ended up with
hydrogenation of both PB and P2VP blocks.
Catalyst Solvent Conditions Selectivity Reference
5-ethylriboflavin ethanol, hydrazine hydrate 25◦C, 4h unselective 116
2-nitrobenzenesulfonylchloride acetonitrile, hydrazine hydrate 20◦C, 18 h unselective 117
[(Py)2(DMF )RhCl2]
+[BH4]
− THF 25◦C, 6h unselective 118
RhCl(PPh3)3 o-dichlorobenzene 65
◦C, 2 h unselective 119
[Rh(LH)(PPh3)2(H)2]Cl methanol 25
◦C, 64 h unselective 120
(PPh3)3RhH(CO) THF 25
◦C, 4 h selective 121
Table 5.1: Homogeneous catalytic reactions, tested for selective hydrogenation
of poly(butadiene)-b-poly(2-vinylpyridine)
The successful selective hydrogenation of PB-b-P2VP block copolymers was achieved
only with (PPh3)3RhH(CO). That catalyst is the most mild and gentle for application
on copolymers containing vinyl and pyridyl groups. Multiple number of pyridine units
might increase reactivity of P2VP block and other homogeneous catalysts provoked
saturation of the whole copolymer.
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For all four previously synthesised PB-b-P2VP copolymers the catalytic reaction
with (PPh3)3RhH(CO) was selective and 85% of yield was achieved in 4 hours. No
effect on number of saturated double bonds was detected with prolonged time of the
reaction as well as using an another solvent. The total volume of reactive mixture
was constant throughout the series of runs to minimize any effect of dielectric constant
changes. Copolymer concentrations were low that enables the molecular move freely.
Figure 5.1: Typical 1H − NMR spectra of PB-b-P2VP copolymer before and
after hydrogenation with (PPh3)3RhH(CO)
1H −NMR spectra were recorded before and after each hydrogenation. The spec-
tra for one of the synthesised copolymer are presented in Figure 5.1 showing specific
signals that correspond to functional groups. The block copolymer compositions were
calculated from 1H − NMR spectroscopy by comparing the peak areas of specified
hydrogen atoms with the peak area of methyl end group at 0.8 ppm122. Four protons
of 2-vinylpyridine give four group of signals from 8.4ppm to 6.1ppm depending on atom
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location regarding nitrogen. Signals around 5.1-5.6 ppm belong to cis- and trans- ori-
ented protons of butadiene units together with single hydrogen atoms of vinyl groups.
Nearest peak at 4.7-5.0 ppm correlates to two protons of vinylic groups. These two
groups of signals become much smaller after hydrogenation reaction, which confirms
its selectivity. The yield of hydrogenation is 85% for all synthesised copolymers.
To summarize, the synthetic rout of PEE-b-P2VP block copolymer is illustrated in
Figure 5.2 and conditions for all previously discussed reactions are depicted.
Figure 5.2: The scheme of PEE-b-P2VP synthesis, predominally with 1,2-
addition. The first step is living anionic polymerization with three stages
involved initiation, propagation and termination of the polymerization. The
second step is selective hydrogenation of PB block
5.3 Purification of PEE-b-P2VP block copolymers
Purification of polymers from a homogeneous catalyst is known as a non-trivial pro-
cedure. Several purification methods which are summarized in Table 5.2 have been
tested. Unfortunately, non of the tested approach enables to purify the copolymers.
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distribution
A partial purification of PEE-b-P2VP block copolymers was carried out with pre-
cipitation in de-ionized distilled cold water followed by extraction with chloroform.
Finally, the solutions were filtrated and passed through Al2O3 and then silica. The
presented above procedure enabled to obtain very pale yellow solutions, which were
dried later.
Method Description Reference
adsorption adsorption on silica gel -
adsorption adsorption on aluminium oxide -
adsorption on PEG polyether metal diphosphinite complex formation 123
phase separation extraction from water-toluene mixture -
chromatography Sepharose Cl-60 gel system -
dializ dializ in water through a membrane 3600 -
precipitation Rh-triarylphosphine complex formation 124
decomposition a peroxide complex decomposition by heating 125
complex recovery recovery of Rh complex with trihydrocarbyl ligands 126
Table 5.2: Methods of PEE-b-P2VP block copolymers purification
5.4 Characterization of block copolymers: composition
and molecular mass distribution
Structures and molecular characteristics of block copolymers, synthesised in the present
study, are presented in Table 5.3.
All four copolymers are soluble in majority of solvents such as methanol, THF,
chloroform, triethylene glycol, dimethyl sulfoxide, dichloromethane, etc. The polymers
partly precipitate from acetone, acetonitrile, water and hydrazine hydrate. The general
observation is that the smaller volume fraction of P2VP block, the easier copolymer
precipitates.
5.5 Thermal properties of PEE-b-P2VP
Tg of the copolymers were determined by DSC and first heating curves are presented
in Figure 5.3. As it can be seen from the picture, all polymeric samples have glass
51
5. PEE-B-P2VP AMPHIPHILIC BLOCK COPOLYMERS FOR SU-8
MODIFICATION. SYNTHESIS AND CHARACTERIZATION
Name Composition Mn, Da PDI fV P ϕP2V P Tg,
◦C
P1 P (EE/B)62 − P2V P34 7100 1.18 0.5 0.4 -26
P2 P (EE/B)70 − P2V P88 13200 1.05 0.7 0.6 -21
P3 P (EE/B)30 − P2V P69 9000 1.11 0.8 0.7 -30
P4 P (EE/B)76 − P2V P14 5800 1.09 0.25 0.2 -25
Table 5.3: PEE-b-P2VP block copolymers and their molecular characteristics:
Mn is molecular weight estimated from
1H − NMR ; PDI is polydispersity
index, estimated from SEC; fV P and ϕP2V P are molar and volume fractions of
2-vinylpyridine respectively; Tg is glass transition temperature, estimated from
DSC investigation
transition regions around -30◦C, meaning poly(ethyl ethylene) block defines thermal
behaviour. Estimated from DSC glass transition temperatures are presented in Table
5.3.
Figure 5.3: DSC curves for all copolymers, presented in the thesis
Thermal decomposition of the copolymer was investigated with TGA analysis. For
example, P3 start to decompose at 332◦C. The curve depicted in Figure 5.4 describes
this decomposition and can be represented as a sum of four main processes. The
copolymer is burned out completely at 550◦C.
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Figure 5.4: TGA analysis of decomposition reactions of P3 copolymer
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5.6 Rheological behaviour of PEE-b-P2VP
Phase transition in block copolymer melts are generally accompanied by measurable
changes in mechanical properties. Rheological measurements of storage (G’) and loss
(G”) moduli were applied for determination of possible order-order (OOT) and order-
disorder transition (ODT) temperatures. All copolymers show similar rheological be-
haviour without reaching disordered state. However, a disordered state has not been
detected within the applied temperature range and the instrument sensitivity. As an
example, temperature sweep for P4 copolymer in Figure 5.5 indicates absence of OOT
and ODT from 20◦C to 200◦C.
Figure 5.5: Temperature sweeps for P4 copolymer
Measurements of storage modulus versus a function of frequency enables to charac-
terize a soft material as solid-like or liguid-like. Frequency dependences of the dynamic
elastic modulus G’ for P4 at different temperatures are presented in Figure 5.6. At
temperature below 100◦C and high frequencies the dominant elastic response is seen in
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the rubbery region where the storage modulus shows a plateau. From 120◦C to 180◦C
viscous behaviour is observed over whole frequency range without reaching a rubbery
plateau. Apparently, at temperatures higher 200◦C, solid-like behaviour is observed
regardless applied frequencies.
Figure 5.6: Frequency sweeps for P4 copolymer. Tested temperatures (◦C) are
listed in the legend
5.7 Self-assembling properties of PEE-b-P2VP
In order to corroborate all previously presented results, transmission electron mi-
croscopy (TEM) and SAXS investigations of block copolymers was carried out.
Structural organization of synthesised copolymers in solid state was investigated
with SAXS, which states that the block copolymers self-assemble into various mi-
crostructures from spheres to lamellae. Figure 5.8 illustrates SAXS profiles for all
four copolymers under the present investigation. It can be clearly seen that morpholo-
gies are preserved with heating. Higher energy in the systems stimulates copolymers
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Figure 5.7: 1D and 2D Small-angle X-ray scattering patterns obtained for
copolymers at 30◦C, 100◦C, and 200◦C. Scattering profiles are vertically shifted
by factor of 10 to avoid overlap. For high ordered structures q-spacing ratio is
marked above the arrows. HEX/BBC - hexagonaly packed cylinders; LAM -
lamellae
Figure 5.8: TEM images of P1 and P2 copolymers, demonstrating lamellae and
weakly organized hexhagonal structures found from SAXS experiment
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compaction and, as a result, more distinct and marked peaks appear at 200◦C compare
to room temperature.
P1 copolymer, as the copolymer with equal volume fractions of the blocks, possesses
classic lamellae structure with sharp peaks and characteristic length D ∼ 16 nm (D =
2pi/qm).
P4 has well-distinguished peaks corresponding to BCC or hexagonally packed cylin-
ders. This organization is a typical microdomain structure for a diblock copolymer,
where a molar fraction of one block is 0.25. Repeated distance of P4 microdomain is
∼ 13 nm.
Profiles for P2 copolymer have smooth peak with the q-spacing range, correspond-
ing to BCC crystal structure or hexagonally packed spheres with approximate diameter
of ∼ 23 nm. Foam factors for sphere and rod were calculated following the standard
procedure127,128. Packing length of stretched poly(ethyl ethylene) block in P2 copoly-
mer is around 3 nm (packing length of PEE is 4.06 A˚ ). However, neither for rods, nor
for spheres simulation curves have fitted to the demonstrated data. It can be assumed,
that P2 is self-organized into weakly ordered amorphous structures.
P3 should possess BCC structure as well as P4, since PEE volume fraction is low.
However, SAXS patterns of P3 resemble on spheres with diameter of ∼ 20 nm, rather
than rods.
5.8 Experimental
All materials employed in this study have been synthesized by living anionic polymeriza-
tion using method of sequential monomer addition without active center modification.
Polymerization was carried out in pure nitrogen atmosphere with rigorously cleaned
reagents and glassware. All glassware were baked at 570 ◦C during 5 hours and cooled
slowly afterwards in order to remove residual polymers or impurities from the glass-
ware surface. Right before utilizing a glassware, moisture adsorbed on the surface was
removed by flaming under vacuum. For isolation Viton O-ring sealed joints and Teflon
or Viton O-ring sealed valves were applied on a specially made Pyrex reactor. Precise
description of the utilised equipment can be found elsewhere129.
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5.8.1 Preparation for PB-b-P2VP block copolymer synthesis
Monomers purification: preliminary passed through aluminium oxide (Sigma Aldrich),
2VP (Sigma Aldrich) was collected in a two neck round bottom flask with CaH2. After
being degassed with few freeze-thaw cycles, the monomer was distilled to vacuum dried
triethylaluminium (TEA) (Sigma Aldrich) under high vacuum and gentle heating. At
that stage, the flask with colourless 2VP distillate can be stored at −18 ◦C for several
days. Specified amount of the monomer for polymerization was distilling in an ampoule
right before a synthesis.
Purification of 1,3-butadiene requires great care due to very low boiling point of
that monomer. Dibutyl magnesium (Aldrich) was vacuum dried in a two neck flask
and immersed in liquid nitrogen. Then 1,3-butadiene (99,5%, Merck) was collected
in that flask and degassed during few freeze-thaw cycles. By cold distillation under
vacuum a specified amount of monomer was transferred into a clean ampoule and was
ready for a polymerization.
Solvent purification: THF (Sigma Aldrich) was used as polymerization solvent.
After THF was passed through Al2O3, benzophenon and sodium were added. As soon
as the solution turned purple in several minutes, refluxing under argon during two hours
was performed in order to deactivate oxygen inside the solvent flask.
Initiator preparation: sec-butyl lithium (12% solution in cyclohexane/hexane (92/8),
Aldrich) was used as an initiator for all polymerizations. The active initiator concen-
tration was determined following the Gilman double titration method130 every time
before a synthesis. As the halogenide, 1,2-dibromo ethane was used.
5.8.2 Synthesis of PB-P2VP block copolymer
The synthesis of PEE-b-P2VP is performed in two steps which are PB-b-P2VP synthesis
with living anionic polymerization, followed with selective hydrogenation of PB block.
Preliminary passed through aluminium oxide (Sigma Aldrich), 2-vinylpyridine (Sigma
Aldrich) was collected in a two neck round bottom flask together with CaH2. After
being degassed with few freeze-thaw cycles, the monomer was distilled to vacuum dried
triethylaluminium (Sigma Aldrich). The specified amount of 2-vinylpyridine was dis-
tilled into an ampoule immediately before a synthesis.
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Sec-butyl lithium (12% solution in cyclohexane/hexane (92/8), Aldrich) was used
as an initiator for all polymerizations. The active initiator concentration was deter-
mined with Gilman double titration method130 every time before a synthesis. As the
halogenide, 1,2-dibromoethane was used.
After the reactor was charged with sufficient amount of THF, sec-butyl lithium
was injected under continuous stirring turning the solvent in yellowish. As soon as
charged THF cooled to −55◦C, 1,3-butadiene was added slowly by gentle heating the
storage ampoule. Polybutadiene block polymerization was running over 3.5 hours at
−55◦C. Then, decreasing the reaction mixture temperature down to −75◦C, the sec-
ond monomer was introduced under very intensive stirring. Immediate temperature
increase was noticed and solution turned dark red. After 30 minutes the reaction was
terminated with 1 ml of dry methanol. Reactor volume was 450 mL, overall four copoly-
mers were synthesised with 15 g yield as much.
5.8.3 Selective hydrogenation of poly(butadiene) block
Hydrogenation was performed in an autoclave. A PB-b-P2VP block copolymer dis-
solved in 450 ml of tetrahydrofuran was de-gassed and flushed three times with hy-
drogen (99.9% pure). Tris(triphenylphosphine)rhodium(I) carbonyl hydrate in 10−4M
concentration was dissolved under stirring. Afterwards, the solution was transferred
into a reactor and 40 bar overpressure was created. The reaction was carried out over
4 hours at ambient temperature under continuous stirring.
5.8.4 PEE-b-P2VP purification
The follow purification procedure of the obtained copolymers was carried out in order
to partly remove the catalyst since the copolymers are amphiphilic. Copolymers were
precipitated in de-ionized distilled cold water to remove soluble organic catalyst side
product. Afterwards, they were extracted from water with chloroform and dried over
anhydrous sodium sulphate. Finally, the solutions were filtrated and passed through
Al2O3 and then silica. At last, copolymers were concentrated on a rotary evaporator,
freeze dried and dried under vacuum for 48h at 50◦C.
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5.8.5 Copolymer characterization techniques
Volume and molar fractions of monomers were calculated regarding a standard for-
mulas. Taking into account that polybutadiene polymerization had predominantly
1,2-addition, molecular mass of ethylethylene unit is 54 g/mol, molecular mass of 2-
vinylpyridine is 105 g/mol. Densities of monomers are 0.64 g/ml and 0.975 g/ml,
respectively.
1H − NMR experiments were performed on a Bruker AVANCE III spectrometer
at 500 MHz. Measurements were provided in deuterated chloroform (Sigma Aldrich)
with tetramethylsilane as internal standard at room temperature.
A SEC system equipped with PLgel MIXED-D S/N: 5M-ML and PSS SDVgel gel
columns and an refractive index detector was used for the size exclusion chromatogra-
phy measurements. THF with 5% TEMDA was used as eluent at ambient temperature
at a flow rate of 1.0 mL/min. Sample concentration was 1 mG/mL.
Thermal analysis was conducted on Pyris Diamond DSC instrument from Perkin
Elmer in a temperature range from -20◦C to 200◦C under nitrogen. The rate scan of
2◦C per minute was applied. Two heating runs were recorded for each sample.
Rheological measurements were conducted using a Rheometrics solids analyzer
(RSA II) operated with a 0.5 mm gap shear sandwich fixture. Constant 1% strain
was applied and temperature was controlled to within 1◦C by a nitrogen-filled gas con-
vection oven.
Two and one-dimensional small-angel X-ray scattering (SAXS) was performed at the
Niels Bohr Institute, using a SAXSLAB instrument equipped with a Rigaku 100XL+
micro focus sealed X-ray tube and a Dectris 2D 300 K Pilatus detector. Samples were
sealed between two 5-7 µm thick mica windows and measurements were performed un-
der vacuum. The beam center and scattering vector q (q = 4pisinθ/λ, where 2 θ is the
scattering angle and λ is the wavelength) were calibrated using silver behenate with
the first order reflection peak at 1.0757 nm−1. Results of the SAXS investigation are
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presented in one-dimensional background-subtracted format.
Self-assembly properties of the copolymers were investigated with TEM on FEI
Techai T20 G2 transmission electron microscope. Samples for TEM were cryomicro-
tomed on Ultramicrotome Diamond Ultracut S (Leica) with thickness of 70 nm. The
slices were placed on copper grids and stained for 20 h with iodine. P2VP block appears
in black on TEM pictures therefore.
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6SU-8 resin modified with
poly(ethyl
ethylene)-b-poly(2-vinylpyridine)
6.1 SU-8 blends with copolymers. Visual inspection of
modified SU-8 materials
In this study, four previously synthesised block copolymers have been mixed with SU-
8 at different load content. Table 6.1 shows blend compositions, which have been
prepared. Blends with noticeable phase separation have been excluded from the further
investigation such as SU-8 with 5 wt.% of P2 or more than 3 wt.% of P4. That might be
attributed to the very low molar fracture of 2-vinylpyridine in P4 copolymer, and the
comparable higher molecular weight of P2, which affects on the copolymer distribution
inside the matrix.
Transparent and without noticeable macro segregation blends have been studied
further. It took several days for the blends with high copolymer content in order to form
homogeneous mixtures. Soft-baked films have been produced from each composition
and examined under an optical microscope for homogeneity.
Figure 6.1 and Figure 6.2 show blends formed of SU-8 and copolymers P2 and
P4 respectively. As can be seen, even minor load of these copolymers stimulate macro
phase separation, meaning multiple defects and dense sites in specimens. Consequently,
P2 and P4 copolymers can not be used for SU-8 modification further. All SU-8 blends
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Copolymer Content, wt.% Appearance
1 transparent
5 transparent
10 transparent
P1 (f2V P=0.5) 15 transparent
20 transparent
30 transparent
40 transparent
1 transparent
2 transparent
P2 (f2V P=0.7) 3 transparent
4 transparent
5 cloudy
1 transparent
5 transparent
10 transparent
P3 (f2V P=0.8) 15 transparent
20 transparent
30 transparent
40 gel
1 transparent
P4 (f2V P=0.25) 2 translucent
3 cloudy
4 cloudy
Table 6.1: Blends of SU-8 with copolymers at various concentrations in cy-
clopentanone
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materials
Figure 6.1: Optical observation of SU-8 blends with P2 at concentrations from
1 to 4%
Figure 6.2: Optical observation of SU-8 blends with P4 at concentrations from
1 to 4%
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with P1 and P3 are transparent and homogeneous. Therefore, all of them can be used
to a certain extent for MEMS fabrication. However, prior studies in material science
indicate that the effectiveness of an amphiphilic copolymer as a toughener is effective
only at higher than 20 wt.% load. Eventually, number of promising compositions for
further analysis is reduced down by preparing mixtures with significant difference of
load percent. Intermediate compositions were not tested.
6.2 Components interaction in modified SU-8 materials
Both SU-8 and a PEE-b-P2VP copolymer have unique fingerprints in FT-IR spectrum
with characteristic signals that enable to characterize the components specific inter-
action in blends precisely. Spectrum presented in Figure 6.3 shows FT-IR spectra of
uncured, cured SU-8 and P3 copolymer. The broad peaks centered at 3,440 cm−1 are
attributed to associated hydroxyl groups and can be neglected as well as cyclopen-
tanone signals at 1,700-1,750 cm−1 because appearance of these signals depends on the
sample fabrication procedure. The majority of peaks are located in near IR part of the
spectrum and assigned in Table 6.2.
Peak, cm−1 Assignment Spectra where appears
1590 C=C vibrations in pyridine ring P3
1432 C=N vibration in pyridine ring P3
698 Para-substituted C-H stretch in pyridine ring P3
750 Ortho/meta-disubstituted C-H stretch in pyridine ring P3
914 C-O stretch of epoxy ring uncured SU-8
827 Aromatic C-H out-of-plane bends uncured and cured SU-8
Table 6.2: Characteristic infrared peak assignments of PEE30−b−P2V P69 (P3),
uncured and cured SU-8
As it has been already discussed in Chapter 3, peaks at 914 cm−1 and 827 cm−1 are
markers for epoxy groups in SU-8 resin. In the same principle, peaks at 1,590 cm−1,
1,432 cm−1 and especially 750 cm−1 are detectors of pyridine rings.
As it was concluded previously, the number of copolymers for SU-8 modification
has been reduced to two of them, which are P1 and P3. Though only P3 blends are
used further, FT-IR characteristic signals and spectra of P1 blends were found to be
similar and analogues discussion can be applied to the SU-8 blends modified with P1.
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Figure 6.3: FT-IR spectra of P3, soft-baked and cross-linked SU-8 system.
Marked peaks belong to poly(2-vinylpyridine). Spectra are shifted vertically
for more clear representation
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Figure 6.4 demonstrates typical FT-IR spectra for epoxy system blends with dif-
ferent P3 content. The presented spectra are identical at first observation, though,
characteristic peak areas vary according to the composition. Figure 6.5 duplicates the
spectra at hydroxyl region and indicates, that the associated hydroxyl group peaks
shifted to lower frequencies as the copolymer content increases. At the same time,
the intensity ratio between associated and free hydroxyl bands (a shoulder at 3,629
cm−1) increased. That observation ascribed to an interaction between new formed -
OH groups and -N bonds in the block copolymer. Therefore, miscibility of the systems
is accompanied with hydrogen-bonding interactions between the components. Fur-
thermore, steric factor of the block copolymers organization plays a key role in the
blends compatibility. That founding is confirmed by other studies based on epoxy
systems with another reactive polymers such as poly(ethylene oxide)-poly(propylene
oxide)-poly(ethylene oxide) (PEO-PPO-PEO) or poly(dimethyl siloxane)-poly(glycidyl
methacrylate) (PDMS-PGMA) copolymers131,132.
Figure 6.4: FT-IR spectra of neat SU-8 and its mixtures with P3 at various
concentrations. Spectra are shifted vertically for more clear representation
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Figure 6.5: Zoomed in FT-IR spectra of neat SU-8 and its mixtures with
P3 at various concentrations. Spectra are shifted vertically for more clear
representation
Interaction of 2-vinylpyridine with SU-8 is confirmed with analysis of characteristic
peaks ratio from spectra in Figure 6.4. As the most markable signals, peaks at 827
cm−1 and 751 cm−1 were chosen, which corresponds to epoxy and 2-vinylpyridine
respectively. The ratio of the intensity of these specified bands as a function of block
copolymer concentration is presented in Figure 6.7, exhibiting a non-linear relationship.
The fact of pyridine reaction with the epoxy groups has been confirmed by G. Xue133.
According to this study, the reaction was observed not only in solution system, but
also in the interfacial region of solid polymers. A simplified scheme of the reaction
is demonstrated in Figure 6.6. The first step of the reaction involves a nucleophilic
attack of the basic nitrogen on the epoxy ring, forming a salt. Being unstable, a second
nucleophilic attack of the oxygen ion on the position of the ring occurred immediately.
Thus, aromatic structure of pyridine is destroyed and a pyridone structure is formed.
The reactivity of poly(2-vinylpyridine) is determined in accordance with the mobility
of polymer segments and found to be slow.
Furthermore, pyridine behaves as a weak base and can deactivate the photoacid
generator (triarylsulfonium hexafluoroantimonate). As the result, an extra initiator
might be required to cross-link the modified materials.
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Figure 6.6: Simplified scheme of a reaction between poly(2-vinylpyridine) and
epoxy rings
Figure 6.8 shows two spectra of a blend analysed before and after UV-light curing.
The identical appearance of these curves is the evidence of cross-linking absence. The
reasons for insensitivity towards UV light are the follow. First, minor amount of the
copolymer interacted with the photo-initiator as it has been stated previously. The sec-
ond and the most reasonable explanation is the cross-linking occurrence during samples
fabrication outside clean-room facilities.
In order to characterize an interaction between the block copolymer and an acid
generator in SU-8, a region of short wavelength should be analysed. According to the
official database, SU-8 resin is photosensitized as much as 10 wt.% of the resin mass
with triarylsulfonium salt with peaks of UV light absorption at 310 nm and 230 nm.
Unfortunately, it is impossible in the present study to detect these peaks due to the
instrument limitations. Therefore, the extra amount of the salts will be experimentally
found to cure the modified material.
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Figure 6.7: Monitoring of the ratio between the integrated absorption areas
at 827 cm−1 and 751 cm−1, corresponding to epoxy groups and 2-vinylpyridine
units respectively
Figure 6.8: FT-IR spectra of a blend of 20 wt.% P3 in SU-8 before and after
UV exposure
71
6. SU-8 RESIN MODIFIED WITH POLY(ETHYL
ETHYLENE)-B-POLY(2-VINYLPYRIDINE)
6.3 Characterization of modified SU-8 resin. Thermal
analysis
In order to study the thermal stability of the blends TGA measurements were carried
out. DTG plots of the neat epoxy system and SU-8 blends with P1 and P3 copolymers
are shown in Figure 6.9 and Figure 6.10 respectively.
Figure 6.9: DTG plots of neat SU-8 and its mixtures with P1 copolymer content
from 5 to 15 wt.%
Comparing DTG plots of neat SU-8 with modified materials, no drastic differences
were detected. All plots show the dominant peak at approximately the same tempera-
ture near 390◦C. The intensity of these characteristic peaks are also similar, evidencing
that decomposition of the modified SU-8 blends is identical to the decomposition of the
original material. Moreover, the lack of new markable degradation processes can be a
conformation of blends homogeneous texture and an absence of macrophase separation.
When the concentration of the block copolymers becomes higher than 10 wt.%, a
more significant changes in DTG plots appear in temperature range from 430◦C to
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Figure 6.10: DTG plots of neat SU-8 and its mixtures with P3 copolymer
content from 5 to 20 wt.%
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500◦C. A shoulder at hight temperature, attributed to SU-8, has decreased for blends
with as minimum as 15 wt.% of a copolymer. That phenomenon is better defined
for blends with P3 copolymer, depicted in Figure 6.10. Apparently, SU-8 degradation
process at 440◦C diminished as the copolymer content has been increased. The reason
is an interaction between SU-8 compound and the copolymer. That reaction is more
noticeable for P3 copolymer due to its higher molar fraction of poly(2-vinylpyridine)
compare to P1 copolymer (0.7 versus 0.5).That correlation is in an agreement with
FT-IR experiments, described previously in the present chapter.
Tg is one of the most important properties of any epoxy. The morphology adopted by
block copolymer modified epoxy systems has an effect not only on the resin mechanical
properties but also on its glass transition temperature. DSC measurements, as the
simplest method, have been carried out in order to determine Tg of the prepared blends
and compare them with the original resin. Tg is were obtained as a shift in the DSC
curve baseline. Figure 6.11 and Figure 6.12 illustrate DSC curves for SU-8 blends
with P1 and P3 copolymers respectively. As can be seen from both pictures, glass
transition regions are indefinite and followed further with a solvent desorption and the
compounds decomposition from 300◦C and higher. High load of the filler, increased
density and other thermo-molecular processes mask the baseline shift and make Tg
difficult to identify. However, with computer simulations it is possible to estimate the
most probable glass transition regions.
As can be seen from Figure 6.11 and Figure 6.12, the Tg of unmodified SU-8 ap-
pears at quite low temperature, 78.2◦C. For all modified materials, the value of Tg
is even lower and stands in a range from 50◦C to 70◦C, depending on a copolymer
concentration.
For the Tg assumption the Fox equation for random mixing between the two non-
reactive components was applied:
1
Tg
=
w1
Tg,1
+
w2
Tg,2
(6.1)
where w1 and w2 are weight fractions of epoxy and a copolymer, Tg,1 is a glass
transition temperature of epoxy system, Tg,2 is a glass transition temperature of a
copolymer.
Information regarding Tg determined from DSC and theoretically predicted glass
transition temperatures is resumed in Table 6.3. As it can be seen, the majority of
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Figure 6.11: DSC curves of SU-8 and its blends with P1 copolyer from 5 to 15
wt.%. The curves are shifted vertically for better representation
Figure 6.12: DSC curves of SU-8 and its blends with P3 copolyer from 5 to 20
wt.%. The curves are shifted vertically for better representation
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Material Tg(DSC),
◦C Tg(Fox),◦C
neat SU-8 78.2 -
P1 -26 (Chapter 5) -
P3 -30 (Chapter 5) -
5 wt.% P1 in SU-8 70.4 72.9
10 wt.% P1 in SU-8 63.6 67.8
15 wt.% P1 in SU-8 57.1 62.6
5 wt.% P3 in SU-8 68.7 72.8
10 wt.% P3 in SU-8 62.7 67.4
15 wt.% P3 in SU-8 57.7 61.9
20 wt.% P3 in SU-8 52.6 56.6
Table 6.3: Tg of uncured SU-8 and uncured modified SU-8 blends
Tg, founded from the experimental DSC, are noticeably lower than the theoretically
predicted. Several explanations to that fact are existing. First, the copolymer slowly
reacts with SU-8 and the acid generator as it was established previously from FT-IR
analysis. Therefore, the copolymer presence reduce the cross-linking. Second, different
methods of Tg measurement and samples preparation will provide varying data for the
same material.
The general tendency in Tg changes is that higher the copolymers content leads to
lower Tg in the modified materials. For example, Tg of the blend with the maximum
studied copolymer load (20 wt.% P3) is on almost 20◦C lower than the Tg of original
SU-8. Several factors are involved in Tg dependence on the copolymer concentration.
Solubility of P2VP in SU-8 influence on Tg of modified materials most significantly. As
any binary mixture of two compatible component, blends of SU-8 with P1 or P3 possess
an average temperature depending on the mixture composition. A second factor of Tg
depletion is epoxy groups dilution with the copolymers and, as a result, a decrease of
the curing rate.
6.4 Microscopic inspection of modified SU-8 blends
In order to corroborate DSC and TGA results presented in the previous sections, trans-
mission electronic microscopy (TEM) inspection of the modified samples was carried
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out. It is known from the literature review that nanostructures are formed at a modifier
concentration higher than 30 wt.%. It is also known that one toughening morphology
appears to be much better than another67. From the interactions between matrix and
a filler point of view, soft particles must be adequately bonded to the matrix in order
to be effective energy absorbers behind a crack front.
In the present TEM investigation, all studied blends were transparent to light indi-
cating the absence of macroscopic phase separation. Moreover, analysis of low copoly-
mer load blends detected no microseparations either. For example, blend of 10 wt.%
P1 in SU-8 is homogeneous and the copolymer is distributed equally inside the epoxy
matrix. It has to be highlighted here, that molecular weight of the tested copolymer
is low. Therefore, if structures are indeed presents in the mixture, their size should be
around several nanometers. Unfortunately, the examined material is highly sensitive
to the electron beam and higher resolution TEM pictures are impossible to obtain in
that case.
Changes in the morphology can be noticed when increasing the amount of a block
copolymer. Thus, the copolymers concentrations from 20 wt.% to 40 wt.% have been
chosen to monitor a possible self-organized processes. Figure 6.14 represents TEM
pictures of before mentioned cured blends of SU-8 with P1 and P3 copolymers.
According to Figure 6.14, SU-8 blends with as much as 20 wt.% of P1 or P3 possess
no microphase separation. When the content of the copolymer increase to 30 wt.%,
randomly organized structures are revealed. The random order of the morphologies
might be due to a reaction of P2VP block with SU-8 matrix. The size of the inclusions
is estimated around 10 nm of PEE block for a blend with 30 wt.% of P3.
The identical organization of morphologies was found in blends with 40 wt.% of
the copolymers. The main difference among blends with P1 and P3 copolymers is a
size of the morphologies. Intuitively expected that the longer PEE block, the bigger
size of structures, meaning that P1 copolymer should self-organized into larger spheres
compare to P3. In point of that fact, morphologies are slightly bigger for blends with P1
rather then P3 copolymer. FFT of images are presented in Figure6.15 and Figure6.16,
showing approximate size of morphologies. The most sharp structures are obtained for
SU-8 with 40 wt.% of P3 with characteristical length of around 20 nm.
Blends with higher 40 wt.% of the copolymers have not been examined due to
blends in cyclopentanone transformed into gels. A possible explanation might be the
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Figure 6.13: Thermal blends with 10 wt.% og P1 in SU-8. Round objects are
samples imperfections and were used only to focus a microscope beam
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Figure 6.14: TEM of SU-8 blends with P1 and P3 copolymers at various con-
centration
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Figure 6.15: TEM image and FFT of SU-8 blends with P1 copolymer at various
concentration
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Figure 6.16: TEM image and FFT of SU-8 blends with P1 and P3 copolymers
at various concentration
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follow. The copolymer load is so hight, that intermolecular reactions between SU-8
and vinylpyridine occur faster than the resin cross-linking. However, that statement
requires an additional investigation.
6.5 Experimental
To prepare the modified SU-8 samples, the following blending protocol was used. Block
copolymers were dissolved in cyclopentanone and mixed with SU-8 2075. The block
copolymer content from 1 wt.% to 40 wt.% was employed for each of the copolymer.
The viscosity of all blends were adjusted with cyclopentanone, permitting to use the
same film fabrication protocol. In order to promote components mixing, ultrasonica-
tion over 15 min was applied for several samples.
Macro-phase separation in modified SU-8 solutions was detected visually as either
traces of insoluble material presence or demixing while staying overnight. In order to
inspect macroseparation in baked composites, small droplets of 200µm were placed on
Teflon disks and baked at 60◦C over 24 hours. Then, hardened films were carefully
stripped off and evaluate under OLIMPUS optical microscope using various magnifica-
tion. To be cured, samples were exposed to UV-lights and followed with hard baking
at 90◦C over next 15 hours.
Baked films were used to record FT-IR spectra at room temperature on a PerkinElmer
Spectrum 100 spectrophotometer. A 4 cm−1 resolution in a wavenumber range from
4,000 to 550 cm−1 was applied.
Thermal analysis of modified SU-8 was performed on NETZSCH STA instrument
in a temperature range from 20◦C to 700◦C. Standard parameters were using: heating
rate of 5◦C/min, nitrogen flow of 60 mL/min and a sensitivity value of 1.00.
PEE-b-P2VP self-assembling in SU-8 was investigated with TEM on FEI Techai
T20 G2 transmission electron microscope. Samples for TEM were microtomed on Ul-
tramicrotome Diamond Ultracut S (Leica) with thickness of 70 nm. The slices were
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placed on copper grids and stained for 20 h with iodine. P2VP block appears in black
on TEM pictures.
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7Microscale hardness
characterization of the modified
SU-8 materials
7.1 Brittleness and hardness characterization of modified
SU-8 materials. Vickers hardness and nanoindenta-
tion tests
Brittleness of SU-8 and its blends with copolymers were determined roughly by Vickers
indenter imprint analysis. The Vickers test is easy to use and required calculations
are independent on the size of the indenter. The Vickers Pyramid Number (HV) is
determined by the ratio of force (applied to the Indenter) divided by the surface area
of the resulting indentation.
In the present hardness estimation weights from 5 g to 500 g were applied over
5 seconds. The microscope pictures of these prints are displayed in Figure 7.1. The
indenter has left a similar diamond imprint for all films with similar thickness of 0.3
mm. On the unmodified SU-8 the indenter provokes the first crack under 500 g of load.
In contrast, as little as 5 wt.% of P1 content in SU-8 changes the material brittleness
dramatically. Starting from very small load weight, all touches provide cracks growth in
all directions. The size of these cracks are compatible with the size of the indenter print.
At the heaviest load, the deformation in upper part of the layer is seen. Presumably,
that deformation prevents the cracks expansion at some extent and shear banding
85
7. MICROSCALE HARDNESS CHARACTERIZATION OF THE
MODIFIED SU-8 MATERIALS
toughening mechanism might be present.
The material with P3 copolymer possess a very promising fracture strength with the
same copolymer concentration as the previously discussed sample. Comparing B and
C samples in Figure 7.1, a substantial improvement is seen. Even though the heaviest
load on the indenter does not initiate the material breakage, several crack lines can be
identified inside the cavity. They are easier observed for 500 g trial and resemble the
crack bridging toughening mechanism.
The dramatic difference in cracks formation and their propagation in samples B and
C is attributed to the copolymer composition. Both P1 and P3 copolymers have similar
molecular weight. However, volume fraction of PVP is much higher in P3 copolymer
rather than in P1. As a result, P3 copolymer is incorporated more uniformly in SU-8
matrix.
For a comparison, a film with 40 wt.% of P3 has been tested and presented in Figure
7.1 as D sample. As can be expected, 40 wt.% of the copolymer alter cured SU-8 resin
into a softer material. All trials cause smooth and blurry lines of the indenter imprints.
Loads of 200 g or 500 g imprint deep craters with a nub on the surface.
Summarizing all results of the previous analysis, a composites with P3 copolymers
are the most promising materials, that can be applied further for MEMS fabrication.
SU-8 blends with P3 copolymer are transparent and moderately soft at low copolymer
concentration, so cracks are not propagating into bulk material. Therefore, a relative
test of material hardness was carried out on blends of SU-8 with P3 only.
Hardness, as the material resistance to indentation, can be determined by measuring
the depth of the indentation, meaning the smaller the area of an indentation imprint,
the harder the material at a constant load. Though Vickers hardness test method
is mostly used to test metals and ceramics, composites hardness can be measured as
well134. However, it should be emphasised that the Vickers hardness test only compares
materials among each other and does not estimate their absolute hardness.
To measure Vickers hardness, series of indentations were performed to describe a
profile of the change in hardness among neat SU-8, SU-8 with 5 wt.%, 10 wt.%, 15
wt.%, and 20 wt.% of P3 copolymer. All films have similar thickness of 0.3 mm and
were cured identically. These two parameters are essential for the comparison due to
their direct effect on softness and solvent residual content.
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Figure 7.1: Reflected optical images of Vickers indenter imprints after different
weights load over 5 second: a - neat SU-8 film (0.294 ± 0.001 mm thickness);
b- 5 wt.% P1 in SU-8 (0.283 ± 0.001 mm thickness ); c - 5 wt.% P3 in SU-
8 (0.275± 0.001 mm thickness); d - 40 wt.% P3 in SU-8 (0.308 ± 0.001 mm
thickness). Lense magnification was increased twicely to record images of c
and d samples
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Figure 7.2: Vickers hardness test of cured SU-8 and its blends with P3 copoly-
mer. Load of 10 g was applied
Result of Vickers hardness test is demonstrated in Figure 7.2. According to the
presented data, all materials possess visco-elastic behaviour and hardness of all blends
is considerably lower compare to the unmodified SU-8. As few as 5 wt.% of P3 decrease
SU-8 hardness noticeably. Regardless the time of load, that discrepancy is around 6
units. Rough estimation of the other hardness curves draws an inference that with
every extra 5 wt.% of P3 copolymer the hardness drops by 2 units. Only 20 wt.% of
P3 is required in order to half hardness compare to SU-8. Moreover, the similar slope
of all curves signalizes identical deformation mechanisms for all blends and shows that
copolymer volume fracture has no influence on it.
Overall, the changes in material hardness follow a general rule. The higher Tg, the
higher the cross-linking density and the harder the material is. Vickers hardness and Tg
for modified SU-8 blends with P3 copolymer are compared in Figure 7.3 with a recall
to DSC analysis of the modified materials. Both hardness and Tg curves show linear
character and possess an identical slope.
To eliminate the substrates influence on Vickers hardness measurements, a com-
parison between film thickness and depth of the indenter imprint has been carried out.
Depth was calculated as 1/7th of a imprint diagonal. As it can be seen in Figure 7.4
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Figure 7.3: Decrease of Vickers hardness (for 20 seconds of 10 g load) and Tg
of modified SU-8 material depending on P3 concentration
Figure 7.4: Depth of Vickers indenter at 10 g of load
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where depths in a SU-8 film with 20 wt.% of P3 are shown, the indenter barely sinks in
7 µm. The film thickness is 0.3 mm and the indenter depth does not exceed a one tenth
of it. Therefore, influence of the substrate can be ignored in the hardness comparison.
Determination of material modulus depends a lot on measurement procedure. Var-
ious micro and macro experiments characterize SU-8 differently. For example, using
macroscale test method, the Young’s modulus was found to be of 4-5 GPa. However,
in the microscale tests it is found to be of approximately 2-3 GPa, while other mi-
croindentation studies yield 3.5-7.5 GPa135,136. Consequently, one should always pay
attention to the measurement method prior to announcing modulus values.
In the present study nanoindentation test has been performed on two blends of SU-8
modified with 10 wt.% and 20 wt.% of P3 copolymer. For the experiment presented
here, Berkovich 3-side pyramid with centerline-to-face angle of 65.3◦ has been selected
as the most popular and universal tip for testing polymers. Figure 7.5 depicts Berkovich
tip, its imprint on a surface and a typical load-displacement curve.
Figure 7.5: Berkovich tip (left); Berkovich indent at the SU-8 with 10 wt.%
of P3 surface (center); a load-displacement curve for SU-8 with 10 wt.% of P3
surface (right)
The concept of the nanoindentation test method is driving an indenter into the test
material where an elastic and plastic deformation occurs. The hardness (H) and the
reduced elastic modulus (Er) determined as the follows:
H =
Pmax
Ac
(7.1)
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Er =
√
pi
2β
S√
Ac
(7.2)
where the S is the slope of the unloading curve and known as the contact stiffness,
Ac is the projected contact area, β is a constant of the indenter
137.
The Young’s modulus of the material can be further calculated using the equation:
1
Er
=
1− v2
E
+
1− v2i
Ei
(7.3)
where v is the Poisson’s ratio for the tested material, vi and Ei are the Poisson’s ratio
and the Young’s modulus of the indenter (for diamond they are 0.07 and 1,141 GPa).
Experimentally found Young’s modulus for the modified SU-8 blends are shown
in Figure 7.6. Young’s modulus value for pure SU-8 was taken from a study by Al-
Halhouli, where the same testing parameters and sample preparation were applied for
nanoindentation test.
Figure 7.6: Young’s modulus for SU-8 modified with 10 wt.% and 20 wt.% of P3
copolymer, measured with nanoindentation test and compared with Young’s
modulus of original SU-8 from Al-Halhouli study3
It can be concluded from the Figure 7.6, that 10 wt.% of incorporated P3 copolymer
decrease Young’s modulus insignificantly compared to the original resin (5.6 GPa versus
5.3GPa). As high as 20 wt.% of the copolymer load drops Young’s modulus to 3.1 GPa.
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That is typical value for visco-elastic materials and the decreasing slope of the interpo-
lated curve in Figure 7.6 reminds the outputs of Vickers hardness test. In general, the
more copolymer volume fraction, the softer material and the lower its Young’s modulus.
Summarizing the results of nanoindentation test, blends with not higher than 15
wt.% of P3 copolymer fraction can be recommended as an toughened SU-8 material
for MEMS production.
7.2 Application of modified SU-8 resin in lithography pro-
duction of MEMS devises
Data presented previously, reports that the most promising modified materials are those
blends which are with P3 copolymer incorporation. That copolymer is compatible with
SU-8, self-assemble into 10 nm structures and influence the resin mechanical proper-
ties. Relative hardness estimation enables to conclude that less than 20 wt.% of the
copolymer incorporation makes the blend crack-resistant and insignificantly softer. In
the present section an attempt to fabricate MEMS structures from modified blends was
provided in order to prove their lithographic properties preservation.
Several requirements towards a material are existing in order to recommend it
for MEMS structures fabrication. The main demand is optical transparency over the
exposure wavelengths to obtain vertical image profiles. Another difficulty is swelling
of the cross-linked matrix during development with organic solvents. This swelling
manifests itself in distorted images and/or complete adhesion loss, especially when
submicron features are involved.
Two concentrations of P3 were chosen for the test such as 10 wt.% and 20 wt.%.
Figure 7.7 represents a patterns formed on unmodified and modified SU-8 epoxy resin.
Almost ideal structures with well distinguished details have been made from all mate-
rials.
Dimensions of the fabricated structures have been characterized on a profilometer.
A length of 2.4 mm laying over an inner circle was analysed and the pattert charac-
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Figure 7.7: Resolution patterns for unmodified and modified SU-8 resin: a,b -
unmodified SU-8 2075 prepared in cleanroom; c - SU-8 with 10 wt.% of P3; d -
SU-8 with 20 wt.% of P3. All samples preparation followed the same procedure
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terization is presented in Figure 7.8. Decent surface profile informs that depth of the
circle is around 2µm.
Figure 7.8: Profilometer profile and optical microscope image of a patterned
film, fabricated from SU-8 with 20 wt.% of P3 copolymer
Although a fabrication of MEMS should be provided under cleanroom facilities for
sharper structures, it appears to be clear from Figure 7.7, that P3 incorporation does
not influence on SU-8 liphographic properties and that mixture can be used in further
studies.
7.3 Experimental
To prepare the SU-8 blends, the following blending protocol was followed for SU-8 2075
(MicroChem) and block copolymers, characterized in Chapter 5. Block copolymers
were dissolved in cyclopentanone and mixed with SU-8. The block copolymer content
from 1 wt.% to 40 wt.% was employed for each of the copolymer. The viscosity of all
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blends were adjusted with cyclopentanone. In order to promote components mixing,
ultrasonication over 15 min was applied for several samples.
Spin-coating of modified SU-8 was provided according to a standard spinning pro-
tocol. Silicon wafer of 5 cm diameter was placed on a spin-coater and 2 ml of a blend
was purred in the center, following the rule of 1 ml per inch of substrate diameter.
Ramp to 500 rpm at 100 rpm/second acceleration was applied for 30 seconds to allow
the resist to cover the entire surface. For the second spin cycle an acceleration of 300
rpm/seconds for a total of 30 seconds was chosen. Coated wafers were soft-baked at
60◦C and then exposed to UV-lights with a lithographic mask, followed with hard bak-
ing at 90◦C over next 15 hours.
KLA-Tencor Alpha-Step IQ Surface Profiler was used to characterize roughness and
step height of structures, produced on modified SU-8 films. The range of 7000 µm was
decoded at speed of 10 µm/s.
Micro Vickers hardness test was performed on Microhardness Tester FM-700 (Future-
Tech Corp.), equipped with color video camera Ikegami Digital. Samples were prepared
with specified materials spincoated on silica wafers. Prior to measure the hardness, each
sample was observed under an optical microscope in order to ensure the smooth homo-
geneous surface. Thickness of all samples was around 0.3 mm.
Nanoindentation test has been provided on a nanoindenter, equipped with Berkovich-
shaped diamond indenter tip. Each sample was indented 10 times and the applied
parameters were the follow: maximum load 10 mN, loading and unloading rate of 20
mN/min, approach speed 2000 nm/min, and a holding time of 30 seconds. The pre-
sented here data is an average among 8 runs for each sample.
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8Conclusions
The goal of this thesis was SU-8 fracture resistance improvement in order to avoid mi-
cro crack formation during fabrication of microelectromechanical system (MEMS). The
main challenge of SU-8 mechanical properties modification was to preserve its original
chemical and lithographic properties. From a review of publications a phenomena of
material toughening by self-assembled nanostructures was selected and successfully ap-
plied in this study.
In the first part of the thesis, a reliable method of a suitable amphiphilic block
copolymer selection was described. In order to become a modifier for SU-8 and self-
assemble in an cured SU-8 matrix, a copolymer should consist of sufficiently incompati-
ble blocks. Moreover, one of the polymers was required to be the matrix-philic while the
other polymers were the matrix-phobic. That study provided a convenient solubility
prediction algorithm based on Hansen Solubility Parameters (HSPs) method. Versatile
and simple, HSPs approach predicted self-assembly of poly(ethyl ethylene)-b-poly(2-
vinylpyridine) (PEE-b-P2VP) in both uncured and cured SU-8 resin. Poly(2-vinyl
pyridine) (P2VP) block was found to be miscible with SU-8, whilst poly(ethyl ethy-
lene) was knows is incompatible polymer with the mentioned above resin.
Various amphiphilic PEE-b-P2VP copolymers were synthesised through sequential
anionic polymerization of 1,3-butadiene and 2-vinylpyridine followed by selective hy-
drogenation of vinyl groups. The novelty of this synthesis was a catalyst selection for
hydrogenation reaction due to high reactivity of both pyridyl and vinyl groups. Among
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multiple trials, only (PPh3)3RhH(CO) showed selective behaviour and enabled to re-
ceive the target copolymers. Unfortunately, a purification of any copolymers from the
homogeneous catalysts is a very challenging task. However, a procedure of partial cata-
lyst removal was developed allowing application of PEE-b-P2VP for SU-8 modification.
Four PEE-b-P2VP block copolymers with volume fraction of P2VP from 0.2 to
0.7 and various molecular weight were prepared. Molecular properties of PEE-b-P2VP
copolymers such as molecular mass, polydispersity index, and Tg were determined with
NMR, SEC and DSC. SAXS and TEM investigation confirmed the copolymers self-
organization in lamellae, BCC and hexagonal cylinders structures and rheological study
revealed absence of order-order transitions.
In the second part of the thesis a characterization of modified SU-8 resin was demon-
strated. First, macro-phase separation of SU-8 blends was examined by eye and an
optical microscope. Predictably, the copolymer with low volume fraction of P2VP was
shown to phase separate from SU-8. The same behaviour was observed for a copolymer
with the highest molecular weight among synthesised. SU-8 blends with PEE-b-P2VP
copolymers characterizing with P2VP volume fraction of 0.4 and 0.7 were homogeneous
and transparent to light. TEM observation of these homogeneous blends revealed self-
assembled nanostructures with characteristic length from 10 nm to 20 nm. Experiments
showed that the amount of the block copolymer has no influence on nano-structures
morphologies. A description of blend thermal stability and components interaction
was presented as well. Further, mechanical properties investigation demonstrated a
toughening effect of PEE-b-P2VP incorporation. Modified with as little as 5 wt.%
PEE30-b-P2VP69, SU-8 resin became fracture resistant.
Finally, it was demonstrated, that lithographic properties of modified SU-8 blends
were not effected by PEE-b-P2VP incorporation. Patternability of modified SU-8 is
identical to commercial resin solution. Using suitable spin-coating and development
procedures high aspect ratio structures were obtained for all modified materials.
The main conclusion of the thesis is a proof-of-concept demonstration. Correctly
selected PEE-b-P2VP self-assembles in SU-8 matrix. Moreover, the formed nanostruc-
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tures were preserved over curing procedure. A recommendation to modify SU-8 resin
with 5 wt.% of PEE30-b-P2VP69 was made. While incorporation of the block copoly-
mer does not change the Young’s modulus of SU-8 significantly, the fracture resistance
is improved greatly. The application of this modified resin enables to avoid micro crack
formation during MEMS production.
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Abstract:  
Hansen solubility parameters approach has been applied to select an amphiphilic block copolymer and predict 
its self-assembly in SU-8 resin. SU-8 was analysed with MALDI-TOF and complex composition of the resin 
is presented. Hansen solubility parameters of cured SU-8 have been found experimentally and equal to (δD : 
δP : δH) = (17.61 : 10.08 : 12.07). Poly(2-vinylpyridine) was suggested as SU-8 miscible polymer, while 
poly(ethyl ehtylene) as immiscible one. The theoretical prediction of the polymer self-assembling in SU-8 
matrix was confirmed by nanostructures observation in cured SU-8 with poly(ethyl ethylene)62-b-poly(2-
vinylpyridine)35. Globular structures were detected at 40 wt.% of the polymer load.  
 
Keywords:  self-assembly; SU-8 epoxy resin; Hansen solubility parameters; mechanical properties 
modification; toughening 
 
 
  
1. Introduction  
SU-8 is a popular photoresist used in the field of microelectromechanical systems (MEMS). Films or 
microstructures fabricated from it become very resistant to solvents, acids and bases after curing and possess excellent 
thermal and mechanical stability. These excellent mechanical properties make SU-8 well suited for permanent 
structures fabrication such as pixel walls, fluidic channels and nozzles. Unfortunately, high cross-linking density of the 
epoxy resin lowers fracture resistance of the material and, therefore, limits SU-8 application.  Since crack formation is 
unavoidable by adjustment of fabrication procedure, a modification of SU-8 is the only conceivable option to improve 
toughness and at the same time, maintain desirable lithographic features of SU-8 such as thermal and electrical 
properties, and low moisture absorption. 
Among existing modification methods, incorporation of a second phase into a matrix is the very promising 
approach (Kinloch, 2003). As the second phase various types of materials can be chosen such as oxides, nanoparticles, 
and thermoplasts  (Ruiz-Perez, L., 2008). First attempts to modify SU-8 bulk material were undertaken few years ago. 
Those studies focused mainly on selection of any material compatible with SU-8. A large number of mono- and poly-
epoxy functional compounds and polyether polyols were suggested as modifiers by D.Johnson and co-workers at 
MicroChem Corporation  (microchem.com) . It was demonstrated that none of the tested material led to highly flexible 
resist. The most noticeable effect of reducing thermal stress belongs to trimethylolpropane/caprolactone triol with 10 
wt.% load. Surprisingly, epoxy functionalized materials containing aromatic and/or aliphatic groups were not effective. 
Moreover, epoxy silicones which were expected to have the best potential for flexibilizing of SU-8, were not soluble in 
appropriate solvents.    
Later it has been proven that the success of modification depends not on modifier load, but rather on its 
chemical nature. Grubbs and co-workers reported that amphiphilic block copolymer morphologies in solvents can be 
duplicated in cured blends of epoxy  (Grubbs, RB, 2000;  Dean, Jennifer M. 2003). That is a unique property of block 
copolymers compared to homopolymers or random copolymers, which can form macrophase separation only. A 
difference in block affinity towards a matrix stimulates material structural reorganization through self-assembly (Ruiz-
Perez, L., 2008; Kinloch; 2003, Hamley, I.W. 2004,    Hamley, I.W. 2005). By varying the affinity balance and, 
therefore, relative chain volume fractions, particle morphology can be engineered. In particular, increased volume of 
immiscible block leads to progressive transformation of micelles through worm-like micelles into di-block copolymer 
vesicles. As a result, preservation of many characteristic properties of the original material such as weight, 
transparency, ductility and good processability maintained after a modifier addition  (Jordan, J. 2005).   
In order to promote self-assembly, the right components should be blended. Unfortunately, these parameters 
and conditions are determined only experimentally. Therefore, to facilitate the procedure and minimize number of 
polymers for trials, theoretical solubility prediction is used. At present, the most complete and detailed model which 
describes solubility and compound interaction is Hansen Solubility Parameters (HSPs) approach. HSPs have been used 
widely since 1967 to accomplish correlations and to make systematic comparisons. For example, it enables prediction 
of how to dissolve a given polymer in a mixture of two solvents, neither of which can dissolve the polymer by itself.  
In the present study, HSPs were applied to select a suitable block copolymer that can undergo self-assembly in 
an cured SU-8 matrix. It is required to find two polymers, sufficiently incompatible to form microstructures. Moreover, 
one of the polymers is required to be the matrix-philic while the other polymer is the matrix-phobic.  
 
2. Experimental Procedure   
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Materials: 
SU-8 2075 serie was used in the present study. Cured and uncured resin samples have been tested. Uncured 
material was used as received. Cured sample was prepared regarding a standard procedure used for cantilevers 
fabrication. For that purpose, SU-8 was spin coated on a Si-wafer at 5000 rpm for 90 seconds. After soft baking at 70°C 
over 1 h and UV exposure, a hard baking at 90°C over 15 h was performed. For solubility test all solvents were 
purchased from Sigma Aldrich and used without purification. Poly(butadiene)62-b-poly(2-vinylpyridine)35 (PB62-b-
PVP35) with average molecular weight 7100 g/mol and 2-vinylpyridine molar fraction of 0.5 was synthesised by living 
anionic polymerization  (O. Mednova, xxx).   
 
Solubility prediction simulation:  
Hansen solubility parameters have been found experimentally by testing solubility in 26 solvents. Each sample 
with weight around 0,1 g were placed in 1 ml of solvent at room temperature and left under stirring overnight. Low 
solubility samples were ultrasonicated and heated in order to promote solvation. The solubility was estimated by using 6 
grades scale: 1 - soluble; 2 - almost soluble; 3 - strongly swollen slight soluble; 4 - swollen; 5 - little swelling; 6 - no 
visible effect. Visual examination of solubility was performed in 5 days and solubility grades for all used compounds 
are introduced in Table 1. For simulations and computing of solubility HSPiP 4th Edition 4.1.05 software was used. As 
3D solubility bodies were chosen the ones having the smallest volume, the least number of outliers, and the highest 
fitting coefficient.  
 
Table 1. Solubility estimation for all compounds presented in the study. Grades are decoded as the follow: 1 - soluble; 2 
- almost soluble; 3 - strongly swollen, slight soluble; 4 - swollen; 5 - little swelling; 6 - no visible effect. 
Solvent SU-8 cured SU-8 uncured PB62-b-PVP35 
Water 6 5 3 
Acetone 6 1 6 
THF 6 1 1 
Methanol 6 5 1 
Ethanol 6 5 1 
Isopropanol 2 5 3 
Ammonia (28%) 6 4 4 
Toluene 6 6 1 
Cyclohexane 6 6 2 
Cyclohexanone 6 5 3 
Chloroform 2 1 1 
Hydrogen peroxide 6 5 3 
1,2-dibromoethane(Ethylene Dibromide) 6 1 1 
Acetic acid 6 1 1 
Hydrazine hydrate 6 3 4 
Acetonitrile 6 1 5 
Triethylene glycol 5 5 1 
Dimethyl sulfoxide 5 1 1 
N,N-dimethylformamide 3 1 1 
Dichloromethane 2 1 1 
Pyridine 4 1 1 
Formaldehyde solution 6 5 1 
Cyclopentanone 2 1 3 
Diethyl ether 6 5 3 
Heptane 6 5 3 
Hexane 5 5 2 
 
Polymer blends preparation: 
SU-8 blend with PB62-b-PVP35 block copolymer was prepared by mixing specified amount of components at 
room temperature. Ultrasound was applied for more efficient mixing.   
 
MALDI-TOF measurement: 
 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF) investigations 
were conducted on a Bruker Autoflex Speed spectrometer. SU-8 was dissolved in tetrahydrofuran (Sigma Aldrich) in 
concentration of 1 mg/ml and mixed with the matrix (2,4-dihydroxybenzoic acid) and sodium trifluoroacetate (0.5 
mg/ml). After drying on the sample holder, the measurements were carried out using the follow conditions: linear 
 2 2 
 polarity, flight path-reflection, 12000 shots per sample, 20kV acceleration voltage, and laser power 60%. Peaks masses 
given in MALDI-TOF spectra results from the molar mass plus the mass of potassium ion from the substrate. 
 
TEM measurement: 
 Self-assembly property of a thermoset was investigated with TEM on FEI Techai T20 G2 transmission 
electron microscope. Samples for TEM were microtomed on Ultramicrotome Diamond Ultracut S (Leica) with 
thickness of 70 nm. The slices were placed on copper grids and stained with iodine over 20 h. P2VP block appears in 
black on TEM pictures therefore. 
 
3. Results and Discussion 
 
Despite the fact that SU-8 is a popular resist, limited information about its composition and chemical structure 
is available. In general, SU-8 molecule has eight epoxy groups such as decoded in the name and the structure can be 
seen in Figure 1.  
 
 
Figure 1. Idealized SU-8 chemical structure where R1and R2 are glycidyl groups, R3 and R4 are hydrogen end groups.  
 
 
 
However, a more detailed investigation of the material revealed, that SU-8 is a complex mixture of oligomers and a few 
derivations from the idealized structure. Presented in Figure 2, the MALDI-TOF spectrum possesses a broad molecular 
mass distribution with visible peak in the range ~1000 Da to ~2500 Da. Due to the signals from the matrix, peaks 
presenting below ~1000 Da are not reliable. SU-8 is a condensation polymer of bisphenol-A diglycidyl ether (BADGE) 
and formaldehyde. Thus, the most probable molecular mass distribution is expected. Since MALDI measures the 
number of molecules arriving at the detector, the relevant distribution is the number distribution. This distribution is 
expressed as  P(M)=Mnexp(-M/Mn). The peaks with masses 1067, 1420, 1773, and 2125 Da correspond to the idealized 
formula in Figure 1 with repeat units from 2 to 5; all glycidylether groups are preserved. The peaks at molecular mass 
1011, 1363, 1716, 2068, 2420 correspond to the same molecules but missing one glycidyl group. Moreover, the same 
idealized molecules but missing two glycidyl groups are presented with molecular mass 1307, 1660, 1716, 2013, and 
2364.  
 
If the intensity for each degree of polymerization (e.g. the intensity for group signal with mass 2125, 2068, and 2013 
representing n=6) can be fit by the most probable distribution with Mn=1.8 kg/mol. The presence of species with 
molecular mass lowered by one or more glycidyl groups is not due to impurities of the monoglycidyl ether of bisphenol-
A in the BADGE monomer but rather substantial amounts (~10%) of bis(glycidyl bisphenol A) glycerol ether  (Terasaki 
2006). This species contains two bisphenol-A units and three glycidyl/glycerol units and appear in the MALDI 
spectrum as one glycidyl missing. 
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Figure 2. MALDI-TOF analysis of SU-8. Molecular weights are presented for complexes with sodium ion. 
 
Resuming SU-8 structural analysis, it should be highlighted that SU-8 solubility behaviour prediction depends 
a lot on the resin production method and its reproducibility from bench to bench. Obviously, different epoxy 
components ratio might need slight different block copolymer amount for modification in order to keep total cohesion 
energy of the system unchanged. Therefore, longer time and higher energy are required in order to maintain energy 
equilibrium and promote a polymer filler self-organization. 
HSPs for SU-8 have been found experimentally. The best method to calculate individual HSPs involves a 
calculation of the nonpolar parameter according to the most reliable and consistent procedure outlined by Blanks and 
Prausnitz (Blanks, RF 1964). A key to parameter assignments in this trial-and-error approach was that mixture of two 
nonsolvents could be found to dissolve given polymers. Using a large number of such predictably synergistic systems as 
a basis, a reasonably accurate division into three energies from hydrogen bonds, dispersion and intermolecular forces is 
possible. These three parameters are coordinates in Hansen space where spheres with a certain interaction radii (R) are 
placed.  
Experimentally founded HSPs for both uncured and cured SU-8 are presented in Table 2 and depicted as 3D 
solubility bodies in Figure 3. The spheres are represented in three cross sections and a 3D view. Yellow point represents 
a junction value which would define a solvent most likely to be compatible with both cured and uncured SU-8.      
From the spheres positions in Figure 3 it can be seen that solvent evaporation and cross-linking reactions 
influence on SU-8 solubility insignificantly. Total cohesion energy stays almost unchanged and in order to simplify 
further predictions, HSPs of cured SU-8 are used for calculation further. 
 
Table 2. Hansen solubility parameters for uncured and cured SU-8. δD, δP and δH are HSPs for the dispersion, polar, 
and hydrogen interactions, respectively. R is interaction radius and T is total cohesion energy. 
Sample δD δP δH R T Core coordinates 
Uncured SU-8 18.44 12.30 10.55 9.4 24.55 ±[0.1; 0.3; 0.35] 
Cured SU-8 17.61 10.08 12.07 6.9 23.61 ±[0.25; 0.55; 0.35] 
 
 4 4 
  
Figure 3. Two spheres in Hansen space referred to uncured and cured SU-8. Green points represent the polymers 
centres, yellow spot is a junction point. 
 
The most challenging task is to select a polymer with HSPs as high as SU-8, such that will be miscible with the 
resin. Since SU-8 possesses not trivial parameters and only a very few polymers have similar characteristics, a 
computing method based on relative sedimentation time and suspension was applied (Hansen; 2007 handbook). 3D 
solubility bodies of miscible components should touch or overlap each other. In other words, the nearer spheres are, the 
more likely that materials are dissolved into each other. 
Several polymers with solubility parameters similar to SU-8 are suggested by software such as poly(methyl 
methacrylate), poly(2-vinylpyridine), poly(4-vinylphenol), poly(vinyl alcohol), poly(ethylene oxide), and polyurethane. 
Simple experimental trial to dissolve proposed polymers in SU-8 showed that among all listed above poly(2-
vinylpyridine) is easy to solve at ambient temperature. Moreover, the mixture of PVP in SU-8 became darker in few 
days due to UV-initiated reaction between components. That interaction can enforce modification since fixing 
copolymer structures on a special position in SU-8 matrix.    
Regarding HSPiP database, PVP parameters are (δD : δP : δH) = (18.1 : 7.2 : 6.8). HSPs of real polymer will 
vary slightly from the official data because they  depend  on polymer size, structure and also on calculation method that 
can give not precise prediction. La. Utracki and co-workers (Luciani,1996, v.1; Luciani,1996, v.2) assumed that the δD 
parameter are differ not much between polymers and evaluations of polymer-polymer compatibility should be 
interpreted using calculated values for δP and δH.  
To select a second block, two conditions must be matched. First, the polymer should be immiscible with SU-8 
to form a second microphase in the common mixture. Second, both blocks in an amphiphilic copolymer should be 
incompatible enough to undergo self-assembly. Well-known polybutadiene (PB) has been selected as a second block for 
a target amphiphilic block copolymer due to drastic dissimilarity of PB and SU-8 chemical structures. Moreover, total 
cohesion energy for PB is smaller than 25MPa1/2 that enforces molecules dissipation during mixing (total cohesion 
energy is defined as the energy required to evaporate the material, thus breaking all of its cohesion bonds). Solubility 
bodies of all three previously mentioned compounds are presented in Figure 4. Miscibility of PB and SU-8 is obvious 
by long distance between their spheres whilst PVP and SU-8 spheres are overlapping. Consequently, a copolymer 
composed from 2-vinylpyridine and butadiene units is expected to undergo self-assembling in SU-8. Figure 4 shows 
affinities among all components: SU-8 matrix, PVP, and PB polymers. SU-8 solubility body lies further from PB body 
and no spheres contact is seen on 2D diagrams. Insignificant overlapping of PB and PVP spheres may testify about 
blocks affinities towards each other. However, by varying molar fraction of PB and PVP blocks in common copolymer 
it is possible to influence on size of the matching area, adjusting it by needs.  
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Figure 4. 3D solubility bodies for cured SU-8, poly(2-vinylpyridine)(PVP) and polybytadiene(PB). All spheres were 
simulated by using HSPiP software data base except SU-8. Green points represent the polymers centers, yellow spot is a 
junction point. 
 
 
In order to check if either block copolymer made from PVP and PB will work for SU-8 modification or not, a 
linear block copolymer PB62-b-PVP35 with equal volume fraction of blocks was synthesised and stabilized by selective 
hydrogenation of the butadiene units. The resulted poly(ethyl ethylene)-b-poly(2-vinylpyridine) (PEE-b-P2VP) is more 
stable and easier to handle. Experimentally found HSPs for PEE62-b-PVP35 are (δD : δP : δH) = (18.87 : 8.01 : 14.22). A 
tendency towards a polymer self-assembly can be checked by estimation of surface and interfacial energies with total 
cohesion energy and hydrogen bonding parameters. Both total cohesion energy and hydrogen bonding parameter are 
slightly higher for the synthesised copolymer compared to SU-8. However, that discrepancy is insufficient by taking 
into account assumptions during the presented above simulations. 
There is one more parameter to characterize solubility which is solubility ’’distance’’, Ra. It can be calculated 
with the follow equation (Hansen; 2007 handbook): 
2
12
2
12
2
12
2 )()()(4)( hhppddaR dddddd −+−+−=  
The ratio between Ra and interaction radius (R0) depicts the relative energy difference (RED). Solubility, or 
high affinity, requires that Ra be less than R0, meaning progressively higher RED numbers indicate progressively lower 
affinities. Ra between PB62-b-PVP35 and cured SU-8 solubility bodies has been found equal to 7.17 and, therefore, RED 
number is 1.04. Consequently, the system is expected to be partially dissolved. For a vivid representation of presented 
discussion, HSPs of all mentioned materials are presented in Table 3 and solubility spheres of SU-8 and the final 
modifier are illustrated in Figure 5. 
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Figure 5. Two spheres in Hansen space referred to cured SU-8 and PB62-b-PVP35. Green points represent the polymers 
centers, yellow spot is a junction point. 
 
Table 3. Hansen solubility parameters of materials used in the present study. δD, δP and δH are HSPs for the dispersion, 
polar, and hydrogen interactions, respectively. R is interaction radius and T is total cohesion energy. 
Sample δD δP δH R T 
Uncured SU-8 18.44 12.30 10.55 9.4 24.55 
Cured SU-8 17.61 10.08 12.07 6.9 23.61 
Poly(butadiene) 17.5 2.3 3.4 6.5 - 
Poly(2-vinylpyridine) 18.1 7.2 6.8 5.0 - 
PEE62-b-PVP35 18.87 8.01 14.22 11.4 26.5 
 
In order to prove that PEE-b-PVP self-assembles in cured SU-8 resin,  SU-8 blend with 40% of the copolymer 
has been prepared and analysed. The cured blend was homogeneous and transparent, confirming the copolymer 
miscibility with SU-8 at macro scale. Self-assembly has been investigated with TEM examination of the cured blend 
and Figure 6 shows micrograph of a microtomed slice.  It can be seen that nanostructures with characteristic length 
scale around 50 nm have been formed.  Consequently, PEE62-b-PVP35 self-assembles in cured SU-8 and the presented 
in the study HSPs prediction is proved to be accurate.  
 
 
7 
 
  
Figure 6. Transmission electron microscope (TEM) image of microphase separation between PEE62-b-PVP35 and cured 
SU-8 at 40 wt.% of the copolymer load (left). Fast Fourier transform (FFT) analysis of the TEM image (right). 
 
4. Conclusions
 
The present study describes Hansen Solubility Parameters approach as a universal method to predict 
compound compatibility and limit the number of experimental trails in order to find a required component. For SU-8 
modification with an amphiphilic block copolymer incorporation an optimal polymer composition has been found. The 
algorithm of calculation is described and enables to apply similar modelling regarding other self-assembled systems. 
Hansen solubility parameters of cured SU-8 have been found such as (δD : δP : δH) = (17.61 : 10.08 : 12.07).  
Poly(butadiene)-b-poly(2-vinylpyridine) has similar to the resin parameters while poly(butadiene) is incompatible with 
SU-8. Combining two blocks with different affinities towards the matrix, self-assembling is occurring. The polymer 
self-organizes into structures that are observed with TEM. Globular structures are formed with 40 wt.% of the 
copolymer content in real composite blends which proves the presented simulation. Morphology type and its size can be 
optimized in future regarding an application. 
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1 Introduction
Over the last several decades amphiphilic copolymers have attracted enormous
attention in terms of their ability to form various nanostructures due to incom-
patibility of the blocks. That unique property has encouraged diverse application
of the copolymers, for example in drug delivery [1], tissue engineering[2], biosep-
aration and bioprocessing[3]. Furthermore, the amphiphilic nature enables using
copolymers to improve mechanical properties of materials[4] or introduce unique
properties such as electroconductivity[5][6][7].
Amphiphilic copolymers can be obtained by the polymerization of more than
one type of monomer, possessing mutually different properties, typically hydropho-
bic and hydrophilic. One of the potentially interesting copolymer is poly(ethylethylene)-
b-poly(2-vinylpyridine) (PEE-b-P2VP). PEE-b-P2VP is a universal amphiphile
due to the fact that PEE and P2VP have different affinity towards most of ma-
trixes by combining highly electron rich and deficient structures. P2VP interacts
electrostatically in quatermized or protonated forms with charged surfaces, that
provides additional cross-linking and stability to a system it is incorporated in.
Another reason for the attractiveness of P2VP is simplicity for immobilization
of nanoparticles due to strong affinity of pyridyl groups towards metals or polar
species [8], [9], [10]. Poly(ethylethylene) (PEE) is chosen as the second block due
to its versatility and easy synthesis.
The synthetic route to PEE-b-P2VP preparation is not trivial and consist of
poly(butadiene)-b-poly(2-vinylpyridine)(PB-b-P2VP) synthesis followed with se-
lective hydrogenation of vinyl double bonds in poly(butadiene) (PB). To avoid
pyridine rings saturation one needs particularly mild conditions. Selective cata-
lysts are known for small molecules but have not been used for polymers.
Due to previously mentioned synthetic issues, using unsaturated PB instead
of PEE is more abounding. Diblock and especially triblock copolymers with PB
and P2VP are both used for experimental studies. For example, poly(butadiene)-
b-poly(2-vinyl pyridine)-b-poly(tert-butyl methacrylate) [11] or polybutadiene-b-
poly(2-vinylpyridine)-b-poly(tert-butyl methacrylate) [12] were studied for the gen-
eration of soft polymeric nanoparticles with controlled functionality. A precur-
sor for PEE-b-P2VP diblock copolymer, poly(butadiene)-b-poly(2-vinylpyridine)
(PB-b-P2VP), was synthesised and its self-assembly was studied by Walther and
coworkers [13]. The investigation was based on three copolymers with molecular
weight over 40 kDa and a formation of so-called crew-cut micellar aggregates in
aqueous media was described.
The present study describes synthesis of an amphiphilic PEE-b-P2VP copoly-
mer. As a synthetic technique, living anionic polymerization (LAP) is used, that
enables to synthesize polymers of controlled architecture and narrow molecular
weight distribution (1 < Mw/Mn < 1.2).
2 Materials and Methods
2.1 Synthesis of PB-b-P2VP block copolymers with living anionic polymerisation
The synthesis of PEE-b-P2VP is performed in two steps which are PB-b-P2VP
synthesis with living anionic polymerization, followed with selective hydrogenation
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of PB block. Living anionic polymerization was carried out under inert atmosphere
with rigorously cleaned reagents and glassware. The precise description of utilized
polymerization setup can be found elsewhere [14]. All glassware were baked at
570◦C and vacuum checked prior to utilization.
Monomers and the solvent purification was provided using a standard proce-
dure. Preliminary passed through aluminium oxide (Sigma Aldrich), 2-vinylpyridine
(Sigma Aldrich) was collected in a two neck round bottom flask together with
CaH2 . After being degassed with few freeze-thaw cycles, the monomer was dis-
tilled to vacuum dried triethylaluminium (Sigma Aldrich). The required amount
of 2-vinylpyridine was distilled into an ampoule immediately before a synthesis.
Preparation of 1,3-butadiene and THF can be found elsewhere [14].
Sec-butyl lithium (12% solution in cyclohexane/hexane (92/8), Sigma Aldrich)
was used as an initiator for all polymerizations. The active initiator concentration
was determined with Gilman double titration method [15] every time before a
synthesis. As the halogenide, 1,2-dibromoethane was used.
As soon as THF cooled to −55◦C, sec-butyl lithium was injected under contin-
uous stirring and the solution turned yellowish. 1,3-butadiene was added slowly by
gentle heating of the storage ampoule. Polybutadiene polymerization was run over
3.5 hours at −55◦C. Then, decreasing the reaction mixture temperature down to
−75◦C, the second monomer was introduced under very intensive stirring. Imme-
diate temperature increase was noticed and solution turned dark red. Controlling
and keeping temperature of the reaction mixture below −75◦C, the polymerization
was run over 30 minutes. For termination 1 ml of dry methanol was injected.
2.2 Selective hydrogenation of PB-b-P2VP into PEE-b-P2VP
Hydrogenation was performed in an autoclave. A PB-b-P2VP block copolymer
dissolved in 450 ml of tetrahydrofuran was de-gassed and flushed three times with
hydrogen (99.9% pure, Sigma Aldrich). Tris(triphenylphosphine)rhodium(I) car-
bonyl hydrate in 10−4M concentration was dissolved under stirring. Afterwards,
the solution was transferred into a reactor and 40 bar overpressure was created.
The reaction was carried out over 4 hours at ambient temperature under contin-
uous stirring.
2.3 PEE-b-P2VP purification
Synthesised copolymers have been partly purified from the catalyst with the follow
procedure. The copolymers were precipitated in de-ionized distilled cold water to
remove soluble organic catalyst side product. Afterwards, they were extracted
from water with chloroform and dried over anhydrous sodium sulfate. Finally,
the solutions were filtrated and passed through Al2O3 and then silica. Finally,
copolymers were concentrated on a rotary evaporator, freeze-dried and dried under
vacuum for 48h at 50◦C. The obtained copolymers were not completely catalyst
free and appear pale yellow.
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2.4 Measurements
1H−NMR experiments were performed on a Bruker AVANCE III spectrometer at
500 MHz. Measurements were provided in deuterated chloroform (Sigma Aldrich)
with tetramethylsilane as internal standard at room temperature.
A SEC system equipped with PLgel MIXED-D S/N: 5M-ML and PSS SDVgel
gel columns and an refractive index detector was used for the size exclusion chro-
matography measurements. THF with 5% TEMDA was used as eluent at ambient
temperature at a flow rate of 1.0 mL/min.
Thermal analysis was conducted on Pyris Diamond DSC instrument from
Perkin Elmer in a temperature range from -50◦C to 280◦C under nitrogen. The
rate scan of 10◦C per minute was applied. Two heating runs were recorded for
each sample.
Rheological measurements were conducted using a Rheometrics solids analyzer
(RSA II) operated with a 0,5 mm gap shear sandwich fixture. Constant 1% strain
was applied and temperature was controlled to within 1◦C by a nitrogen-filled gas
convection oven.
Two and one-dimensional small-angel X-ray scattering (SAXS) was performed
at the Niels Bohr Institute, using a SAXSLAB instrument equipped with a Rigaku
100XL+ micro focus sealed X-ray tube and a Dectris 2D 300 K Pilatus detector.
Samples were sealed between two 5-7µm thick mica windows and measurements
were performed under vacuum. The beam center and scattering vector q (q =
4pisinθ/λ, where 2 θ is the scattering angle and λ is the wavelength) were calibrated
using silver behenate with the first order reflection peak at 1.0757 nm−1. Results
of the SAXS investigation are presented in 2D counter plots and one-dimensional
background-subtracted format.
Self-assembly properties of the block copolymers were investigated with TEM
on FEI Techai T20 G2 transmission electron microscope. Samples for TEM were
microtomed on Ultramicrotome Diamond Ultracut S (Leica) with thickness of 70
nm. The slices were placed on copper grids and stained for 20 h with iodine. P2VP
block appears in black on TEM pictures therefore.
3 Results and discussion
3.1 Synthesis of poly(ethyl ethylene)-b-poly(2-vinylpyridine) diblock copolymers
The synthesis of the target copolymer was performed with PB-b-P2VP polymeriza-
tion followed by selective hydrogenation of the PB block. Four PB-b-P2VP diblock
copolymers were synthesised via sequential living anionic polymerization at low
temperatures. In order to polymerize butadiene with a predominant 1,2-structure,
the synthesis was carried out in THF [16]. Reaction time was estimated based on
standard kinetic models published previously [16] [17]. Polymerization of PB took
3.5 hours which is 7 times longer compared to P2VP mostly due to the fact that
the electron-deficient pyridine ring significantly reduces the pi-electron densities of
a vinyl group.
Selective hydrogenation of PB is a very challenging task, since the block copoly-
mer combines vinyl and pyridyl groups which are both easy to saturate. Hydro-
genation can be provided with either homo- or heterogeneous catalysts. Hetero-
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geneous metallic catalysts are preferable due to utilization convenience and easy
removal from the reaction mixture by filtration. Unfortunately, these catalysts lack
of selectivity, and, in addition, may induce alkene bond migration and unwanted
hydrogenolysis.
Standard hydrogenation of PB-b-PVP with palladium catalyst Pd/CaCO3 un-
der hydrogen pressure of 30 bar was tested, which resulted in fully hydrogenated
copolymer. To eliminate kinetic factor and solvent influence, the same reaction was
carried out in various solvents such as THF, methanol and toluene under various
time and pressure. Unfortunately, unsaturated bonds in both diens and vinylpyri-
dine units are highly reactive and precursor became completely hydrogenated in
all applied conditions.
An interesting method of selective hydrogenation was suggested by Yoko Aoyama
[18]. Studying hydrogenation of polymers as an effective way of modifying struc-
tures, protection-deprotection strategies were presented for amphiphilic copoly-
mers having heterocycle aromatic rings. In that study, the aromaticity of pyridine
was used as ”protecting group” for further incorporation of amines into vinyl
polymers. If other segments in a copolymer are also unsaturated, then there is
the possibility of selective hydrogenation of either segment. For that purpose a
suitable solvent should be chosen in order to form micelles from aimed copoly-
mer. Y.Aoyama and co-workers applied that concept on selective poly(styrene-b-
2vinylpyridine) hydrogenation. Using dimethylacetamide and Rh/C as a catalyst
100% of pyridyl was hydrogenated while none of styrene unites saturated. Oppo-
site, a mixture of methanol and chloroform over PtO2 allowed to hydrogenate 13%
of styrene and keep pyridine untouched. Therefore, having micelles formed from
sensitive P2VP core and surrounded with PB shell might solve hydrogenation issue
for PBb-PVP.
However, there are several potential issues. First, spherical micelles formation
is required for a special solvent or a mixture of solvents. That estimation in case
of PB-b-P2VP is not trivial and can be accomplished experimentally only. Second,
depending on block molecular weights various structures can be formed. The hy-
drogenation concept of ”protective group” was studied only for spherical geometry
and there are uncertainties regarding its efficiency for other geometries. Third, PB
shell should be thick enough to protect P2VP core, but also thin and sufficient
movable in order to all vinyl bonds presented in a copolymer react with hydrogen.
Nevertheless, that method was tried on PB-b-P2VP using platinum oxide as
described in the previously mentioned publication [18]. Applied conditions were
room temperature, 60 bar of hydrogen pressure and 120 hours of reaction time.
Both blocks in the final product were hydrogenated completely. This behaviour
can be attribute to incorrect micelles formation.
Since non of heterogeneous catalysts led to desired selected hydrogenation,
homogeneous catalysts were tested further. In contrast with heterogeneous cataly-
sis, homogeneous ones offers catalytic mobility and circumvents polymeric chains
orientation problems. Summarized information about all tested homogeneous cat-
alysts and applied conditions are presented in Table 1.
The successful result in selective hydrogenation of PB-b-P2VP was achieved
only with (PPh3)3RhH(CO). That catalyst is the most mild and gentle for ap-
plication on copolymers containing vinyl and pyridyl groups. Multiple number of
pyridine units might increase reactivity of P2VP block and other homogeneous
catalysts provoked saturation of the whole copolymer. For all four previously syn-
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Table 1 Homogeneous catalytic reactions, tested for selective hydrogenation of
poly(butadiene)-b-poly(2-vinylpyridine)
catalyst solvent conditions conditionshydrogenation reference
5-ethylriboflavin ethanol, hydrazine hydrate 25◦C, 4h unselective [19]
2-nitrobenzenesulfonylchloride acetonitrile, hydrazine hydrate 20◦C, 18 h unselective [20]
[(Py)2(DMF )RhCl2]+[BH4]− THF 25◦C, 6h unselective [21]
RhCl(PPh3)3 o-dichlorobenzene 65◦C, 2 h unselective [22]
[Rh(LH)(PPh3)2(H)2]Cl methanol 25◦C, 64 h unselective [23]
(PPh3)3RhH(CO) THF 25◦C, 4 h selective [24]
Fig. 1 The scheme of PEE-b-P2VP synthesis. The first step is living anionic polymerization
with three stages involved initiation, propagation and termination of the polymerization. The
second step is selective hydrogenation of PB block.
thesised PB-b-P2VP copolymers the catalytic reaction with (PPh3)3RhH(CO)
was selective and 85% of yield was achieved in 4 hours. No effect on number of
saturated double bonds was detected with prolonged time of the reaction as well
as using an another solvent. The total volume of reactive mixture was constant
throughout the series of runs to minimize any effect of dielectric constant changes.
Copolymer concentrations were low that enables the molecular move freely. All
discussed previously reactions are schematically depicted in Figure 1.
1H − NMR spectra were recorded before and after each hydrogenation. The
spectra for one of the synthesised copolymer are presented in Figure 2 showing
specific signals that correspond to functional groups. The block copolymer com-
positions were calculated from 1H − NMR spectroscopy by comparing the peak
areas of specified hydrogen atoms with the peak area of methyl end group at 0.8
ppm [25]. Four protons of 2-vinylpyridine give four group of signals from 8.4ppm
to 6.1ppm depending on atom location regarding nitrogen. Signals around 5.1-5.6
ppm belong to cis- and trans oriented protons of butadiene units together with
single hydrogen atoms of vinyl groups. The nearest peak at 4.7-5.0 ppm corre-
lates to two protons of vinyl groups. These two groups of signals become much
smaller after hydrogenation reaction, which confirms its selectivity. The yield of
hydrogenation is 85% for all synthesised copolymers.
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Fig. 2 1H − NMR spectra of a copolymer before and after hydrogenation with
(PPh3)3RhH(CO)
Table 2 PEE-b-P2VP block copolymers and their molecular characteristics:Mn is molecular
weight estimated from 1H − NMR ; PDI is polydispersity index, estimated from SEC; fV P
and ϕV P are molar and volume fraction of 2-vinylpyridine respectively; Tg is glass transition
temperature, estimated from DSC investigation.
name composition Mn, Da PDI fV P ϕV P Tg ,
◦C
P1 P (EE/B)62 − P2V P34 7100 1.18 0.5 0.4 -26
P2 P (EE/B)70 − P2V P88 13200 1.05 0.7 0.6 -21
P3 P (EE/B)30 − P2V P69 9000 1.11 0.8 0.7 -30
P4 P (EE/B)76 − P2V P14 5800 1.09 0.25 0.2 -25
3.2 Characterization of the diblock copolymers
Structures and molecular characteristics of block copolymers, synthesised in the
present study, are presented in Table 2.
All four copolymers are soluble in most solvents such as methanol, THF, chlo-
roform, triethylene glycol, dimethyl sulfoxide, dichloromethane, etc. The polymers
partly precipitate from acetone, acetonitrile, water and hydrazine hydrate. The
general observation is that the longer PEE block, the easier copolymer precipi-
tates.
Phase transition in block copolymer melts are generally accompanied by mea-
surable changes in mechanical properties. Rheological measurements of storage
(G’) and loss (G”) moduli were applied for determination of possible order-order
(OOT) and order-disorder transition (ODT) temperatures. All copolymers show
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Fig. 3 Temperature sweeps for P4 copolymer.
qualitative similar rheological behaviour. As an example, a temperature sweep for
P4 copolymer is presented in Figure 3. However, a disordered state has not been
detected within the applied temperature range and sensitivity.
Structural organization of synthesised copolymers in solid state was investi-
gated with SAXS. Figure 4 illustrates SAXS profiles for all four copolymers under
the present investigation. It can be clearly seen that morphology type is preserved
with heating. Higher energy in the systems stimulates copolymers compaction and,
as a result, more distinct and marked peaks appear at 200◦C compared to room
temperature.
P1 copolymer, as the copolymer with equal volume fractions of the blocks,
possesses classic lamellae structure with sharp peaks and characteristic length D
∼ 16 nm (D = 2pi/qm).
P4 has well-distinguished peaks corresponding to BCC or hexagonally packed
cylinders. This organization is a typical microdomain structure for a diblock copoly-
mer, where a molar fraction of one block is 0.25. Repeated distance of P4 mi-
crodomain is ∼ 13 nm.
Profiles for P2 copolymer have smooth peak with the q-spacing range, corre-
sponding to BCC crystal structure or hexagonally packed spheres with approx-
imate diameter of ∼ 23 nm. Foam factors for sphere and rod were calculated
following the standard procedure [26], [27]. Packing length of stretched poly(ethyl
ethylene) block in P2 copolymer is around 3 nm (packing length of PEE is 4.06
A˚ ). However, neither for rods, nor for spheres simulation curves have fitted to
the demonstrated data. It can be assumed, that P2 is self-organized into weakly
ordered amorphous structures.
P3 should poses BCC structure as well as P4, since PEE volume fraction is
low. However, SAXS patterns of P3 resemble on spheres with diameter of ∼ 20
nm, rather than rods.
In order to corroborate SAXS, TEM investigation has been provided and mi-
crograph pictures of P1 and P2 copolymers are presented in Figure 5. According
to TEM study, P1 copolymer organized in lamellae structure while P2 exists in
weak ordered structures.
Title Suppressed Due to Excessive Length 9
Fig. 4 1D and 2D small-angle X-ray scattering patterns obtained for copolymers at 30◦C,
100◦C, and 200◦C. Scattering profiles are vertically shifted by factor of 10 to avoid overlap. For
high ordered structures q-spacing ratio is marked above the arrows. HEX/BBC - hexagonaly
packed cylinders; LAM - lamellae
4 Conclusion
The amphiphilic PEE-b-P2VP block copolymer is synthesised through sequential
anionic polymerization of 1,3-butadiene and 2-vinylpyridine followed by selective
saturation of polybutadiene block. Overall, four block copolymers with volume
fraction of P2VP from 0.2 to 0.7 and molecular weight distribution less than 1.1
are prepared. Molecular properties of PEE-b-P2VP copolymers such as molecular
mass, polydispersity index, and Tg are determined with NMR, SEC and DSC. The
block copolymers are self-organized into nanostructures of hexagonal cylinders,
lamellae, and spheres with increasing of P2VP ratio.
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Abstract Composite materials made from SU-8 and poly(ethyl ethylene)-b-
poly(2-vinylpyridine)(PEE-b-P2VP) are prepared and characterized. Volume
fraction of P2VP epoxy-philic block is 0.7 and enables to form microstructures
in resin. TEM analysis of cured blends indicates 10 nm structures regardless
the block copolymer content. Modified SU-8 is characterized with TGA, DSC,
FT-IR analysis, indicating depletion of Tg and reaction among components.
While incorporation of PEE-b-P2VP block copolymer does not change the
Young’s modulus of SU-8 significantly, the fracture resistance is greatly im-
proved with 5 wt.% of the copolymer load. The blends are proven to maintain
lithographic properties and recommended for MEMS fabrication.
Keywords SU-8 epoxy resin · material modification · self-assembly ·
nanoindentation · Vickers hardness
1 Introduction
The recent development of microfabrication technology has produced a great
number of new microelectromechanical systems (MEMS) and devices. Among
many microfabricated components, a thin membrane or diaphragm is one of
the most applicable structures used for the construction of pressure sensors [1],
actuators [2], drug delivery containers [3], and string resonators [4]. SU-8 is a
negative epoxy photoresist for MEMS fabrication. It enables to produce high
aspect ratio structures with a single spin. Compared to other thermosetting
resins, no byproducts or volatiles are formed during SU-8 curing reactions,
therefore, probability of shrinkage is low. Moreover, SU-8 can be cured over a
wide range of temperatures and the degree of cross-linking can be controlled.
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Unfortunately, cured SU-8, as all other epoxy systems, possesses consider-
able brittleness, poor resistance to crack propagation, low impact strength and
poor fracture toughness [5]. This inherent brittleness obstructs epoxy resins
utilization in fields requiring high impact and fracture strengths. After mem-
branes are subjected to various static or dynamic conditions, the material fails
often during the production procedure or after several operation cycles. Me-
chanical fracture is the local separation of an object or material into two or
more pieces under the action of stress. In MEMS devices fracture can result
from various causes: mechanical shock and overload, corrosion, stress corrosion
cracking, and material fatigue. Consequently, a modification of SU-8 mechan-
ical properties is required.
The incorporation of nano-scale structures improves one or more aspects of
the host polymer properties, including but not limited to, modulus, toughness,
thermal stability, barrier property, etc. However, in some cases, the addition of
nanophase may on one hand improve some properties, yet, on the other hand,
simultaneously deteriorate others. Fundamentals and mechanisms of the nano
phenomena are not well understood because of the difficulties in available
analytical techniques and lack of fundamental knowledge at nanometer size
scales.
In the present study an attempt to modify SU-8 epoxy resin with an am-
phiphilic block copolymer has been made in order to diminish cracks ap-
pearance in the material during MEMS devices fabrication. As a modifier,
poly(ethyl ethylene)-b-poly(2-vinylpyridine)(PEE-b-P2VP) has been selected.
According to previous investigations, poly(2-vinylpyridine) (P2VP) is misci-
ble with SU-8 resin while poly(ethyl ethylene) (PEE) is incompatible with
the resin. Hansen Solubility Parameters prediction method prognoses self-
assembling of PEE-b-P2VP in SU-8 [6]. Moreover, the miscibility of P2VP
in epoxy system was evidenced by decrease in Tg of the epoxy-rich phase [7].
2 Experimental
To prepare modified SU-8 2075 (MicroChem) blends with PEE-b-P2VP , the
following blending protocol was applied. Block copolymer was dissolved in
cyclopentanone and mixed with SU-8 at concentrations from 10 wt.% to 40
wt.%. The viscosity of all blends were adjusted with cyclopentanone. In order
to promote mixing, ultrasonication over 15 min was applied for several samples.
Small droplets of 200 µm of the blends were placed on Teflon disks and
baked at 60◦C over 24 hours. Samples were exposed to UV-lights and fol-
lowed with hard baking at 90◦C over next 15 hours. Then, films were carefully
stripped off and analysed on a PerkinElmer Spectrum 100 spectrophotome-
ter. A 4cm−1 resolution in a wavenumber range from 4,000 to 550 cm−1 was
applied.
Thermal analysis of thermosets was performed on NETZSCH STA instru-
ment in a temperature range from 20◦C to 700◦C. Standard parameters were
using: heating rate of 5◦C/min, nitrogen flow of 60 mL/min and a sensitivity
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value of 1.00. The glass transition temperature (Tg ) was obtained as the onset
point of the heat flow step.
Self-assembly properties of the modified materials were investigated with
TEM on FEI Techai T20 G2 transmission electron microscope. Samples for
TEM were microtomed on Ultramicrotome Diamond Ultracut S (Leica) with
thickness of 70 nm. The slices were placed on copper grids and stained for 20
h with iodine. P2VP block appears in black on TEM pictures.
Spin-coating of modified SU-8 was provided according to a standard spin-
ning protocol. Silicon wafer of 5 cm diameter was placed on a spin-coater and
2 ml of a blend was poured in the center, following the rule of 1 ml per inch
of substrate diameter. Ramp to 500 rpm at 100 rpm/second acceleration was
applied for 30 seconds to allow the resist to cover the entire surface. For the
second spin cycle an acceleration of 300 rpm/seconds for a total of 30 seconds
was chosen. Coated wafers were soft-baked at 60◦C and then exposed to UV-
lights with a lithographic mask, followed with hard baking at 90◦C over next
15 hours.
KLA-Tencor Alpha-Step IQ Surface Profiler was used to characterize rough-
ness and step height of structures, produced on modified SU-8 films. The range
of 3000 µm was decoded at speed of 10 µm/s.
Micro Vickers hardness test was performed on Microhardness Tester FM-
700 (Future-Tech Corp.), equipped with color video camera Ikegami Digital.
Samples were prepared with specified materials spincoated on silica wafers.
Prior to measure the hardness, each sample was observed under an optical
microscope in order to ensure the smooth homogeneous surface.
Nanoindentation test has been provided on a nanoindenter, equipped with
Berkovich-shaped diamond indenter tip. Each sample was indented 10 times
and the applied parameters were as follows: maximum load 10 mN, loading and
unloading rate of 20 mN/min, approach speed 2000 nm/min, and a holding
time of 30 seconds. The presented here data is an average among 8 runs for
each sample.
3 Results and discussion
Modification of SU-8 epoxy resin has been carried out with poly(ethyl ethylene)30-
b-poly(2-vinylpyridine)69 (PEE-b-P2VP) amphiphilic diblock copolymer. Char-
acteristic properties of the copolymer are as follows. Molecular weight and
polydispersity index are 9000 g mol−1 and 1.11 respectively, volume fraction
of epoxy-philic poly(2-vinylpyridine) (P2VP) equals to 0.7 and glass transition
temperature (Tg) has been measured to -30
◦C [8]. In this study SU-8 blends
with copolymer content from 10 wt.% to 40 wt.% have been investigated. The
higher copolymer load than 40 wt.% transformed blend solutions into gels and,
therefore, was not included in the investigation.
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Fig. 1 DTG plots of uncured SU-8 and its mixtures with PEE-b-P2VP copolymer content
from 5 to 20 wt.%
3.1 Thermal analysis of SU-8 modified with poly(ethyl
ethylene)-b-poly(2-vinylpyridine) block copolymer
Thermal stability of the blends was studied with thermal gravimetric analysis.
DTG plots of the uncured epoxy system and its blends with PEE-b-P2VP are
shown in Figure 1. No drastic differences were detected with increasing a vol-
ume of the second phase. All plots show the dominant peak at approximately
the same temperature near 390◦C. The intensity of these characteristic peaks
are also similar, evidencing that decomposition of the modified SU-8 blends
is identical to the decomposition of the original material. Moreover, the lack
of new degradation processes confirms homogeneous texture of blends and an
absence of macrophase separation.
With higher than 10 wt.% of the copolymer, a more significant changes in
DTG plots appear in temperature range from 430◦C to 500◦C. A shoulder at
hight temperature, attributed to SU-8, has decreased for blends with minimum
of 15 wt.% of the copolymer. Apparently, SU-8 degradation process at 440◦C
diminished as the copolymer content has been increased. The reason can be
an interaction between SU-8 and the copolymer.
The glass transition temperature (Tg) is one of the most important prop-
erties of any epoxy. DSC measurements, as the simplest method, have been
carried out and Tg of all blends were obtained as a shift in the baseline. Figure
2 illustrates DSC curves for uncured SU-8 resin and uncured SU-8 blends with
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Fig. 2 DSC curves of uncured SU-8 resin and uncured SU-8 blends with PEE-b-P2VP from
5 to 20 wt.%. Determined Tg are shown in the legend. The curves are shifted vertically
PEE-b-P2VP. As can be seen, glass transition regions are indefinite. High load
of the filler, increased density and other thermo-molecular processes mask the
baseline shift and make Tg difficult to identify. However, with computer sim-
ulations it is possible to estimate the most probable glass transition regions.
Tg of unmodified SU-8 appears at quite low temperature, 78.2
◦C. For un-
cured blends, the value of Tg appears lower and stands in a range from 50
◦C
to 70◦C, depending on a copolymer concentration. The overall tendency in Tg
changes is that higher copolymer content leads to lower Tg of the modified
material. For example, Tg of the blends with the maximum studied copolymer
load (20 wt.% PEE-b-P2VP) is almost 25◦C lower than the Tg of original
SU-8.
Several factors influence on Tg dependence on the copolymer concentra-
tion. First, miscibility of P2VP in SU-8 is the most significant aspect. The
copolymer acts as a diluent and increases the free volume of the system and
subsequently lowers Tg. A second factor of Tg decrease is epoxy groups dilution
with the copolymer and, as the result, decrease of the curing rate.
3.2 Characterization of interaction between SU-8 and poly(ethyl
ethylene)-b-poly(2-vinylpyridine) block copolymer
Spectrum presented in Figure 3 shows FT-IR spectra of PEE-b-P2VP, un-
cured, and cured SU-8 resins. The majority of peaks are located in near IR
part of the spectrum and assigned in Table 1. Peaks at 914 cm−1 and 827 cm−1
are markers for epoxy groups in SU-8 resin. In the same principle, peaks at
1,590 cm−1, 1,432 cm−1 and especially 750 cm−1 are fingerprints of pyridine
rings. Therefore, these peaks ratio is a qualitative characteristic of cross-linking
efficiency and components interaction.
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Fig. 3 FT-IR spectra of PEE-b-P2VP, soft-baked (uncured) and cross-linked (cured) SU-8
resins. Marked peaks are characteristic peaks of the compounds. Spectra are shifted vertically
for more clear representation
The broad peaks centred at 3,440 cm−1 are attributed to associated hy-
droxyl and hydroxymethyl groups from solvents and SU-8 impurities. These
peaks along with cyclopentanone signals at 1,700-1,750 cm−1 can be neglected
because their appearance depends on the sample fabrication procedure.
Peak, cm−1 Assignment Spectra where appears
1590 C=C vibrations in pyridine ring PEE-b-P2VP
1432 C=N vibration in pyridine ring PEE-b-P2VP
698 Para-substituted C-H stretch in pyridine ring PEE-b-P2VP
750 C-H stretch in pyridine ring PEE-b-P2VP
914 C-O stretch of epoxy ring uncured SU-8
827 Aromatic C-H out-of-plane bends uncured and cured SU-8
Table 1 Characteristic infrared peak assignments of PEE30−b−P2V P69, uncured
and cross-linked SU-8
Figure 4 (left) demonstrates typical FT-IR spectra for epoxy system blends
with different PEE-b-P2VP content. The presented spectra are identical at
first observation, though, characteristic peak areas vary according to the com-
position. Figure 4(right) duplicates the spectra at hydroxyl region and in-
dicates, that the associated hydroxyl group peaks shifted to lower frequen-
cies as the copolymer content increases. At the same time, the intensity ra-
tio between associated and free hydroxyl bands (a shoulder at 3,629 cm−1)
increased. That observation ascribed to epoxy rings opening and an interac-
tion between new formed -OH groups and -N bonds in the block copolymer.
Therefore, miscibility of the systems is accompanied with hydrogen-bonding
interactions between the components. That finding is confirmed by other
studies based on epoxy systems with another reactive copolymers such as
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Fig. 4 FT-IR spectra of neat SU-8 and its mixtures with PEE-b-P2VP at various concen-
trations (left) and their zoomed in representation (right). Spectra are shifted vertically for
more clear representation
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-
PEO) or poly(dimethyl siloxane)-poly(glycidyl methacrylate) (PDMS-PGMA)
copolymers [9], [10].
As the most markable FT-IR signals, peaks at 827 cm−1 and 751 cm−1
were chosen, which corresponds to epoxy and 2-vinylpyridine respectively. The
ratio between the area of these specified peaks as a function of block copoly-
mer concentration is presented in Figure 5. The curve exhibits a non-linear
character, confirming interaction between 2-vinylpyridine and SU-8. This in-
teraction has been confirmed by G. Xue, who established a network formation
as the result of pyridine side group reaction with epoxy groups [11].
The fact of pyridine side group reaction with the epoxy groups has been
confirmed indicating networks which contain pyridone and cyclic amide struc-
tures . Moreover, pyridine behaves as a weak base and can deactivate the
photoacid generator (triarylsulfonium hexafluoroantimonate). As the result,
an initiator load might be required to cross-link the modified materials.
In order to characterize a possible interaction between the block copolymers
and an acid generator in SU-8, a region of short wavelength should be analysed.
Triarylsulfonium salt used as an acid generator, has absorption peaks of UV
light at 310 nm and 230 nm. Unfortunately, it is impossible in the present study
to detect these peaks due to the instrument limitations. However, cross-linking
can be detected indirectly comparing FT-IR spectra before and after curing
which are presented in Figure 6. The identical appearance of these curves
is the evidence of cross-linking absence and, consequently, an interaction of
PEE-b-P2VP with acid generator in SU-8.
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Fig. 5 Monitoring of the ratio between the integrated absorption areas at 827 cm−1 and
751 cm−1, corresponding to epoxy groups and 2-vinylpyridine units respectively
Fig. 6 FT-IR spectra of a blend of 20 wt.% PEE-b-P2VP in SU-8 before and after UV
exposure
3.3 TEM investigation of SU-8 modified with PEE-b-P2VP at various
concentrations
Transmission electron microscopy (TEM) inspection of the modified samples
was carried out. In the present TEM investigation, all studied blends were
transparent to light indicating the absence of macroscopic phase separation.
Figure 7 represents TEM images of cured blends of SU-8 with PEE-b-
P2VP. Blends with as much as 20 wt.% of PEE-b-P2VP possess no microphase
separation. When the content of the copolymer increase to 30 wt.%, randomly
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Fig. 7 TEM images and FFT of SU-8 blends with PEE-b-P2VP copolymer at various
concentrations
organized structures are revealed. Random order of the morphologies might be
attributed to reaction of P2VP block with epoxy groups, meaning PEE block
is anchored to the matrix and further reorganisation is restricted. Increase of
the copolymer concentration preserves self-assembled morphology. The size of
the inclusions has been estimated from fast Fourier transformation and found
to be from 5 nm to 10 nm depending on PEE-b-P2VP concentration.
3.4 Mechanical properties characterization of cured modified SU-8 resin
Brittleness of original and modified SU-8 resin was estimated roughly by Vick-
ers indenter imprint observation and analysis. Optical microscope pictures of
Vickers indenter imprints are displayed in Figure 8. The indenter caused crack
formation at one or more corners of the Vickers diamond indenter and left
a well defined indentations on cured SU-8 surface. Minor amount of the in-
corporated copolymer changes the material brittleness dramatically. Several
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Fig. 8 Reflected optical images of Vickers indenter prints after 500 g load over 5 seconds.
Thickness of studied cured films are marked under images
crack lines can be identified inside the cavity in SU-8 modified with 5 wt.%
of PEE-b-P2VP. The self-assembled copolymer improved the material fracture
resistance without cracks propagation in bulk material. Fracture of a film with
the highest copolymer content has been tested as well. As can be expected,
as high as 40 wt.% of PEE-b-P2VP alters SU-8 resin properties even more
dramatic. Vickers indenter imprint has crater shape with a smooth nub on the
surface. That blend is so soft, that either cracking is suppressed or possible
cracks grow back together when the indenter is retracted on unloading.
Hardness, as the material resistance to indentation, can be determined by
measuring the X and Y dimensions of the indentation (from which the depth
can be calculated), meaning the smaller the indentation imprint, the harder the
material at a constant load. Though Vickers hardness test method is mostly
used to test metals and ceramics, composites hardness can be measured as well
[12]. However, it should be emphasised that the Vickers hardness test only
compares materials among each other and does not estimate their absolute
hardness.
To measure Vickers hardness, series of indentations were performed to de-
scribe a profile of the change in hardness among neat SU-8, SU-8 with 5 wt.%,
10 wt.%, 15 wt.%, and 20 wt.% of PEE-b-P2VP. All films have similar thick-
ness of 0.3 mm and were prepared identically due to these parameters effect
softness and solvent residual content of cured films.
Results of Vickers hardness test are demonstrated in Figure 9. According to
the presented data, all materials possess visco-elastic behaviour and hardness
of all blends is considerably lower compared to the unmodified SU-8. As little
as 5 wt.% of PEE-b-P2VP decrease SU-8 hardness noticeably. Regardless the
time of load, that discrepancy is around 6 units. Rough estimation of the
other hardness curves draws an inference that with every extra 5 wt.% of the
copolymer the hardness drops by 2 units. As much as 20 wt.% of PEE-b-
P2VP are required in order to half hardness compare to SU-8. Furthermore,
the similar slope of all curves signals that copolymer volume fracture has no
influence on deformation mechanism.
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Fig. 9 Vickers hardness test of cured SU-8 and its blends with PEE-b-P2VP. Load of 10 g
was applied
Fig. 10 Depth of Vickers indenter at 10 g of load on cured SU-8 with 20 wt. % of PEE-b-
P2VP
To eliminate the substrates influence on Vickers hardness measurements,
a comparison between film thickness and depth of the indenter print has been
carried out. As it can be seen in Figure 10 where depths in a SU-8 film with
20 wt. % of PEE-b-P2VP are shown, the indenter barely sinks in 7 µm. The
average film thickness is 0.3 mm and the indenter depth does not exceed a one
tenth of it. Therefore, influence of the substrate can be ignored in the hardness
comparison.
Vickers hardness and Tg for modified SU-8 blends with the copolymer are
compared in Figure 11 recalling the DSC analysis of the modified materials.
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Fig. 11 Decrease of Vickers hardness (for 20 seconds of 10 g load) and Tg of cured modified
SU-8 material depending on PEE-b-P2VP concentration
Fig. 12 Berkovich tip (left); Berkovich indent at the SU-8 with 10 wt.% of PEE-b-P2VP
surface (center); a load-displacement curve from nanoindentation test of SU-8 with 10 wt.%
of PEE-b-P2VP (right)
Both hardness and Tg curves show linear character and possess an identical
slope. Consequently, the changes in material hardness follow a general rule:
the higher Tg, the harder the material.
In addition to the micro-Vickers indentation tests, nanoindentation, using
depth sensing equipment, was carried out. For this investigation Berkovich
3-side pyramid with centerline-to-face angle of 65.3◦ has been selected as
the most popular and universal tip for testing polymers. Figure 12 depicts
Berkovich tip, its print on a surface and a typical load-displacement curve.
The concept of the nanoindentation test method is driving an indenter into
the test material where an elastic and plastic deformation occurs, followed by
unloading. The whole load versus depth curve is recorded during loading and
unloading cycles. The hardness (H) and the reduced elastic modulus (Er)
Title Suppressed Due to Excessive Length 13
Fig. 13 Young’s modulus for SU-8 modified with 10 wt.% and 20 wt.% of PEE-b-P2VP,
measured with nanoindentation test and compared with Young’s modulus of original SU-8
from Al-Halhouli study [14]
determined as the follows:
H =
Pmax
Ac
(1)
Er =
√
pi
2β
S√
Ac
(2)
where the S is the slope of the unloading curve and known as the contact
stiffness, Ac is the projected contact area, β is a constant of the indenter [13].
The Young’s modulus of the material can be further calculated using the
equation:
1
Er
=
1− v2
E
(3)
where v is the Poisson’s ratio for the tested material, vi and Ei are the Poisson’s
ratio and the Young’s modulus of the indenter (for diamond they are 0.07 and
1,141 GPa).
Experimentally found Young’s modulus for the modified SU-8 blends are
shown in Figure 13. Young’s modulus value for pure SU-8 was taken from a
study by Al-Halhouli, where the same testing parameters and sample prepa-
ration were applied for nanoindentation test.
It can be concluded from the Figure 13, that 10 wt.% of incorporated PEE-
b-P2VP decrease Young’s modulus insignificantly compared to the original
resin (5.6 GPa versus 5.3GPa). 20 wt.% of the copolymer load drops Young’s
modulus to 3.1 GPa. Summarizing the results of nanoindentation test, blends
with not higher than 15 wt.% of PEE-b-P2VP fraction can be recommended
as an toughened SU-8 material for MEMS production.
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3.5 Lithographic properties of modified SU-8 resin
To be suitable for MEMS fabrication, a material should match several re-
quirements. The main demand is optical transparency over the exposure wave-
lengths to obtain vertical image profiles. Another difficulty is swelling of the
cross-linked matrix during development with organic solvents. This swelling
manifests itself in distorted images and/or complete adhesion loss, especially
when submicron features are involved.
For MEMS fabrication two concentrations of PEE-b-P2VP have been cho-
sen such as 10 wt.% and 20 wt.%. A standard liphagraphic procedure has been
utilized outside clean-room. Obtained patterned films are presented in Figure
14. Almost ideal structures with well distinguished details have been obtained.
Surface profiles of the fabricated films have been investigated on a pro-
filometer. Figure 15 shows decent surface profile of 2µm length, patterned on
SU-8 modified with 20 wt.% of PEE-b-P2VP film. The structure has sharp
side walls and smooth surface. Consequently, the copolymer incorporation has
no influence on SU-8 lithographic properties and these blends can be utilized
for MEMS production.
4 Conclusion
In the present study SU-8 blends with poly(ethyl ethylene)-b-poly(2-vinylpyridine)
block copolymer have been investigated. The block copolymer self-assembles
into 10 nm nano-structures in cured SU-8. The amount of the block copoly-
mer has no influence on nano-structures morphologies, however, influences on
the resin mechanical properties. Toughening effect of poly(ethyl ethylene)-
b-poly(2-vinylpyridine) is described and modified SU-8 fracture resistance is
demonstrated. Modified SU-8 material is applicable for MEMS fabrication and
enable to produce sharp structures with high aspect ratio.
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